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Abstract 

The radiation response of three rhombohedral oxides, namely, sapphire (a- 

&03), ilmenite (FeTiO3), and geikielite (MgTiO3), has been examined by irradiating 

electron transparent samples with 1 MeV Kr4 and 1.5 MeV Xe' ions. The microstructural 

changes during irradiation were observed in situ in a high-voltage electron microscope 

using electron diffraction and microscopy. The irradiation conditions were designed to 

minimize beam heating and chemid effects due to the implanted ion. Of the three 

oxides studied, ilmenite is the most susceptible to radiation-induced amorphization while 

sapphire is the least susceptible. In all three materials, the critical temperature for 

amorphization was below 300 K indicating good room temperature resistance to 

amorphization by energetic beams. 
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1. Introduction 

Irradiation by energetic particles can cause crystalline materials to transform to 

metastable phases. The formation of these non-equilibrium phases can lead to property 

changes that can have an adverse effect on the performance of components in radiation 

environments. Radiation-induced structural changes, such as amorphization, have been 

extensively studied in metals [ 1, 21 but are not we11 understood in ceramics. In contrast 

to metals, ceramics often have complex crystal structures, ionic bonding, and electrically 

charged defects that may be sensitive to ionizing radiation. There is an increasing need 

for knowledge. of the radiation response of ceramics because of potential applications in 

h i o n  reactors, space stations, and nuclear waste disposal. 

Radiation-induced amorphization of ceramics has been the subject of several reviews 

[3-51. Previous studies have shown that there are significant differences in the 

susceptibility of ceramics to amorphization, and the reasons for these differences are not 

well known. Criteria based on structural simpticity, heat of atomization and ionicity [3], 

network topology [6], and melting point and chemical complexity [7] have been proposed 

to explain the differences in the response of ceramics to irradiation by energetic particles. 

However, these criteria are general rules at best, and exceptions exist to each of these 

rules. 

The objective of the present work is to examine the influence of various factors, such 

as chemical complexity, on the susceptibility of ceramics to radiation-induced 

amorphization. Three ceramics with similar structures, namely sapphire (a-Al203), 

ilmenite (FeTiOs), and geikielite (MgTiO3), were irradiated with energetic heavy ions 

under similar conditions. The properties of these oxides are listed in table 1. Sapphire 
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has the rhombohedra€ R3 c crystal structure. An ordered arrangement of two cations 

(Fe" or Mg2*, and Ti4> instead of'A13' increases the chemical complexity and lowers 

the symmetry to Rj in ilmenite and geikielite, respectively. Previous studies [8,9] have 

shown that ion and neutron irradiation of multi-cation ceramics can lead to cation site 

exchange. In ordered intermetallic compounds, chemical disorder has been shown to be 

an effective mechanism of amorphization [lo]. The present study examines the role of 

cation disorder in the amorphization of ceramics by. comparing the cryogenic radiation 

responses of ilmenite and geikielite to that of sapphire. 

2. Experimental Details 

Electron-transparent single crystal samples of ilmenite (FeTiO3), geikielite (MgTiOs), 

and sapphire (u-Al2O3) were irradiated with 1 MeV Kr+. Sapphire samples were also 

irradiated with 1.5 MeV Xe*. The samples were prepared by mechanical polishing and 

ion milling at room temperature with 5 keV Ar ions at 8" to the sample surface. The 

irradiations were performed at the High-Voltage Electron Microscope (HVEM) Tandem 

Facility at Argonne National Laboratory [ll]. The facility consists of a 1.2 MeV 

modified KratodAEI EM7 electron microscope intdaced to two National Electrostatics 

Corporation ion accelerators. This enabled the in situ observation of the microstructural 

changes using transmission electron microscopy and diffraction. 

A liquid helium-cooled, double-tilt stage was used to control the sample temperature 

in the range 20-295 K. The ion flux was kept below 10l2 ions/cm2-s to minimize beam 

heating. The irradiation conditions are listed in table 2. The stopping powers and 

displacements were calculated using the TRIM 96 [ 121 code assuming a sample thickness 
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of 50 nm and a displacement threshold energy of 40 eV for all species. The energy 

deposited per atom was determined from the energy lost in nuclear stopping events 

within a cylinder with the radial dimensions of the average cascade and a length of 50 

nm [13]. Figure 1 shows the displacements per atom as a function of depth for 1 MeV 

Kr+ in the three oxides studied for a fluence of ions/cm2. The calcuiations show that 

less than 0.1% of the incident ions are retained within a depth of 50 nm from the top 

surface of the sample. Since the incident ions pass through the electron transparent 

portions of the sample, chemical effects due to the ions were minimized. 

3. Results and discussion 

The temperature dependence of the critical damage dose for amorphization of a- 

AlzO3, MgTi03, and FeTiO3 by 1 MeV Kr+ irradiation is shown in figure 2. Error bars of 

f 10% have been added to the data. The amorphization dose was determined based on 

the complete disappearance of diffraction spots and the appearance of a halo in the 

d i f o n  pattern. The p'utially flied circle at 100 K for a-Al2O3 indicates partial 

amorphization at a dose of 5.5 dpa. Following 1.5 MeV Xe' irradiation of sapphire at a 

dose rate of about 3 . 3 ~ 1 0 ' ~  dpds, the critical dose for amorphization at 100.K was found 

to be about 16 dpa. The critical temperature for amorphization of sapphire by 1.5 MeV 

Xe' was determined to be about 190 K by fitting the data using the model of Morehead 

and Crowder [14]. Abe ' et al. [I31 have reported the critical temperature for 

amorphization of sapphire by 900 keV Xe' to be between 200 and 250 K. Their study 
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used ion dose rates (0.017-0.031 dpds) that were an order of magnitude higher than the 

ones used in the present study. 

Figure 2 shows that the critical dose for amorphization of MgTiO3 by 1 MeV Kr+ 

irradiation is lower than that of a-A1203. The critical dose is lowest and the critical 

temperature highest for FeTi03. Ilmenite is readily amorphized at 200 K but not at 295 

K. Irradiation of ilmenite to a dose of about 4 dpa at 295 K did not lead to 

amorphization. Instead, point defect clusters were observed as shown in figure 3. The 

formation of these clusters indicates that point defects are sufficiently mobile at room 

temperature to prevent amorphhtion. The cryogenic radiation response of 

rhombohedral oxides observed in the present work is consistent with the findings of 

. .  

recent ex-situ Rutherford backscattering spectrometry and ion channeling studies 

following 200 keV Ar+ inadiation at 100 K [I5,16]. 

Radiation-induced amorphization involves a competition between damage 

accumulation and recovery processes. At temperatures well below 100 K, there is no 

significant thermally-activated migration of defects and damage accumulation dominates. 

Thus, the critical dose for amorphization at or below 30 K is a good measure of the 

susceptibility to amorphization. The critical doses for amorphization below 30 K are 

0.19, 0.8, and 3.39 dpa, respectively, in ilmenite, geikielite and sapphire, which makes 

ilmenite the most susceptible to amorphization by heavy ions. From the ionicity data in 

table 1, it appears that the observed trend in susceptibility to amorphization cannot be 

explained on the basis of ionicity. However, the susceptibility seems to decrease with 

increasing melting point. 
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Previously, Eby et 01. [7] have demonstrated that the resistance of isostructural 

phases to amorphization increases with the melting point. These authors have attributed 

this to the fundamental similarities between melting and amorphization. Recently, a 

generalized form of the Lindemann melting criterion has been proposed to provide a 

unified understanding of melting and amorphization [ 17,181. According to this criterion, 

a crystalline solid becomes urkitable when the sum of the mean-square static and thermal 

displacements exceeds a critical value. Eby et al [7} have pointed out that both melting 

and ion irradiation cause a breakdown of the crystal structure under highly energetic 

conditions. In fact, local melting is known to OCCLU in energetic displacement cascades 

[19]. The relationship between melting point and resistance to amorphization warrants 

further study. 

It is also interesting to note that the oxide most resistant to amorphization, 

sapphire, is chemically simple. In iimenite and geikielite, unlike sapphire, cation disorder 

provides a mechanism for increase in atomic displacements and energy storage in the 

lattice. When these displacements exceed a critical value, the amorphous state 'becomes 

energetically favored. In spinel, cation rearrangement has been shown to be a precursor 

to amorphization [20]. The accumulation of disorder on the cation sublattice may play an 

important role in the amorphization of multi-cation oxides. 
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5. Summary 

The temperature dependence of heavy-ion induced amorphization of FeTi03, 

MgTi03, and u-Al2O3 has been studied in situ using a high voltage electron microscope. 

The oxides have similar structures and were irradiated under similar conditions. Ilmenite 

(FeTiO3) was found to be the most susceptible to amorphization and sapphire (ff-AI203) 

the least. The resistance to amorphization increases with increasing melting point and 

may be related to the fundamental similarities between melting and amorphization. The 

presence of multiple cations may provide a mechanism of amorphization in the fonn of 

cation disorder. 
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Figure captions 

Figure 1 .  Displacements per atom as a function of depth below the surface for 1 MeV 

~ r +  irradiation.. 

Figure 2. Temperature dependence of the critical dose for amorphization by 1 MeV Kr+ 

Figure 3. Point-defect clusters in ilmenite irradiated with 1 MeV Kr' at 295 K. 
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Table 1, 

Properties of the rhombohedral oxides irradiated in the present work. 

FeTi03 MgTiO3 

Space group 

Lattice constant a (nm) 

Lattice constant 

Density 

C 

Melting point (K) 

Pauling ionicity 

R j c  

0.5088 

1.4086 

4.72 

1745 

0.58 

R3 

0.5055 

1.3899 

4.05 

1900 

0.68 

R?C 

0,4763 

1.2995 

3.97 

2290 

0.63 
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Table 2. 

Summary of irradiation conditions and results. The calculations wemperformed using TRIM 96 

[123- 

Irradiation conditions FeTiO3 MgTi03 A1203 

-~ 

Projectile 1 MeV Kr' 1 MeV&+ 1 MeV Kr+ 

Flux (ions/cm2-s) 8.33~10" 8.33~10" 8.33~10" 

Dose raG (dpds) 6.7~ 10" 55x10" 6.0~10' 

Range 320 340 332 

Nuclear stopping (eV/nm) 1383 1288 1362 

Electronic stopping (eV/nm) 1424 1462 . 1506 

Mean energy deposited 1 . 8 ~ 1 0 ~  1 .8x103 2,0xio-~ 

(evlatom) 

Critical dose below 30 K 0.19 0.80 3.39 

a @Pa) 
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