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ABSTRACT

Polycrystaliine disks of stoichiometric magnesium aluminate spinel (MgAI2O4)

were irradiated with 2 MeV Al+ ions at 650°C and subsequently analyzed in cross-

section using transmission electron microscopy (TEM). Interstitial dislocation loops

were observed on (110) and {111} habit planes. The population of loops on both

sets of habit planes was strongly dependent on their orientation with respect to the

ion beam direction. The density of loops with, habit plane normals nearly

perpendicular to the ion beam direction was much higher than loops with habit

plane normals nearly parallel to the ion beam direction. On the other hand, the loop

size was nearly independent of habit plane orientation. This anisotropic loop

nucleation does not occur in ion-irradiated metals such as copper. An additional

anomaly associated with ion-irradiated spinel is that the loops on {111} planes were

partially unfaulted with a Burgers vector of b = a/4<110>. Previous neutron

irradiation studies have never reported unfaulted loops in stoichiometric spinel.

Possible causes of the unusual response of spinel to ion irradiation are discussed.
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1. Introduction

The successful operation of near-term fusion machines such as the Burning

Plasma Experiment (BPX) and the International Thermonuclear Experimental Reactor

(ITER) is dependent on the satisfactory performance of ceramics in various

components, including diagnostic and radiofrequency heating systems. Irradiation

studies of ceramics are more complex compared to metals due to the presence of

multiple sublattices and ionic bonding effects. Hence, there is a relatively poor

understanding of basic radiation-induced changes in ceramics. Ion accelerators are

being utilized by several research groups to study the effects of radiation on the

microstructure and electrical properties of insulating ceramics (e.g., [1-4]).

A recent study has found that the microstructural evolution of ion-irradiated

AI2O3, MgO, and MgAI2O4 is strongly dependent on the mass and energy of the

irradiating ion [5]. Dislocation loop formation was suppressed in specimens

irradiated with light ions such as protons. The dislocation loop density increased

and the mean size decreased, with increasing ion mass, for specimens irradiated

at the same damage level and damage rate. These observations suggest that

further research is warranted on ion irradiation effects in ceramics. The present

paper concentrates on microstructural observations made on polycrystalline

MgAI2O4 specimens irradiated with 2-MeV Al+ ions.

2. Experimental procedure

Transmission electron microscopy (TEM) disks of stoichiometric

polycrystalline magnesium aluminate spinel (MgAI2O4) were mechanically polished
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with 0.5 y.m diamond paste and then bombarded in a 3 x 3 array at 650cC with 2-

MeV Al+ ions in the triple ion beam accelerator facility at the Oak Ridge National

Laboratory (ORNL). The spinel grain size was 30 /xm and the major chemical

impurities were 1000 wt ppm Li and 200 wt ppm Fe [2]. The irradiation temperature

was measured by a thermocouple spot-welded to the face of a stainless steel

specimen that occupied one of the positions in the 9-specimen array. Specimens

were irradiated to fluences of 4.6, 15, and 37 x 1020 Al7m2. This corresponds to

calculated midrange (0.55 /̂ m) damage levels of 3.2,10, and 24 displacements per

atom (dpa), respectively, assuming an effective displacement energy of 40 eV [2,6].

The calculated damage rate at this depth was ~7 x 10"4 dpa/s for all of the

specimens. As detailed elsewhere [7], cross-section TEM specimens were

prepared by gluing an irradiated specimen face-to-face with a polished

nonirradiated disk and sectioning perpendicular to the irradiation surface. The

"sandwich" was mechanically dimpled and ion milled at room temperature until

perforation occurred at the interface. TEM analysis was performed with a Philips

CM-12 microscope operating at 120 keV. Further experimental details are given

elsewhere [2,6,7].

3. Results

Figure 1 shows the typical through-range microstructure observed in the

irradiated specimens. There was no observable defect formation within -0.4 /urn of

the irradiated surface in any of the irradiated specimens. As discussed elsewhere

[5,6], this surface-denuded zone may be due to the high fraction of energy imparted
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to electronic excitation relative to atomic displacements that occurs in the near-

surface regions of ceramic specimens irradiated with energetic light ions. A

moderate density of interstitial-type dislocation loops lying on (110) and {111}

habit planes was observed at intermediate depths of 0.4 to 1.0 /im from the

irradiated surface. The loop density decreased and the size increased gradually

with increasing fluence [6]. The loop density on (110) planes was significantly

higher than on {111} planes. Metallic aluminum precipitates formed in a narrow

band centered at a depth of -1.5 jtzm [8], which coincided with the mean range of

the 2-MeV Al+ ions. A dense array of dislocations was also visible in this ion-

implanted region.

During the course of detailed loop analysis in the midrange regions of the

irradiated specimens, it was discovered that loop nucleation was not occurring

isotropically on the various habit planes. Figure 2 shows an example of the

anisotropic distribution of loops on (110) habit planes. The two micrographs were

taken from the same region in the irradiated foil, with the irradiated surface lying to

the left side in each of the photographs. From the left-hand micrograph, it is

apparent that there are only a few loops on the (10T) plane (visible as two half-arcs

with a low-contrast axis that is perpendicular to the [?01] direction). On the other

hand, the right-hand photograph shows more than 30 loops that lie on the (01T)

plane in this same region.

Figure 3 summarizes the results obtained from the habit plane analysis,

performed using a specimen goniometer capable of high-angle tilting. Typically, two
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different grains (with corresponding different surface normals) were examined for

each of the three irradiation fluences. The dislocation ioop population is very

anisotropic for both the {110} and the {111} habit planes. Loop formation is

clearly favored for habit planes with normals that are nearly perpendicular to the

incident ion beam direction. This anisotropic behavior is maintained for all

irradiation fluences that were investigated.

Figure 4 shows the corresponding variation in loop size with respect to habit

plane orientation. The loops lying on {110} planes were generally larger than the

(111) loops. In contrast to the loop density results, the loop size was independent

of orientation. This clearly indicates that the physical mechanism responsible for the

anisotropic distribution of loops on the various habit planes is related to loop

nucleation. but not loop growth.

All of the analyzed loops on the {111} and {110} planes were determined

to be interstitial in nature, with Burgers vectors of type a/4 <110>. This Burgers

vector corresponds to a fully faulted defect (anion and cation sublattices) for the

loops on {110} planes and a partially faulted defect (faulted cation and perfect

anion sublattice) for the loops on {111} planes.

4. Discussion

Previous ion irradiation studies on metals such as copper have not detected

any evidence of an orientation dependence for dislocation loop formation. For

example, Stathopoulos et al. [9] found that the dislocation loops were equally



distributed on the four {111} planes in copper irradiated with 30 keV Cu+ ions.

They noticed that the loops were slightly larger on habit planes with normals nearly

perpendicular to the ion beam direction, which they took as evidence for slight

elongation of the displacement cascades in the beam direction. We are not aware

of any previous attempts to study the orientation dependence of dislocation loop

formation in ion-irradiated ceramics.

The physical mechanism responsible for the observed habit plane orientation

dependence on spinel is uncertain. Possible causes include: (1) stress effects

associated with the implanted ions or the mechanical clamping of the specimen

during irradiation; (2) surface image force effects; (3) electric field effects associated

with the implantation of charged particles -- the resulting electric field potential and

flow of electrical current between the surface and the implanted ion region could

influence the diffusion of mobile interstitials; (4) anisotropic strain fields associated

with the interstitial loops. This could lead to preferential capture by favorably

oriented loops of the interstitials that are flowing toward the surface sink; (5)

anisotropic displacement cascades that are elongated in the direction of the

incoming ion ~ the nucleation of an interstitial loop would then be statistically more

probable on habit planes that are close to the ion beam direction (i.e., habit planes

with normals that are nearly perpendicular to the ion beam direction).

Compessive stresses associated with ion implantation seem unlikely to be

responsible since there was no evidence that the anisotropic loop nucleation was

dependent on fluence. On the other hand, it is possible that the fluences in this
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study were too high to observe a transition from isotropic to stress-induced

anisotropic loop nucleation. Compressive clamping stresses imposed on the

specimen during irradiation may have aided anisotropic loop nucleation. Studies

performed on metals have shown that external stress enhances interstitial loop

nucleation on habit planes that experience the largest tensile stress, whereas

subsequent growth is not appreciably affected [10]. Regarding the surface image

mechanism, it is difficult to believe that image forces could be exerting such a

strong influence at depths greater than 0.5 mm from the surface. The 3rd and 4th

mechanisms appear to be unlikely, since anisotropic diffusion effects should also

influence loop growth. As demonstrated in Figs. 3 and 4, the orientation

dependence exists only for the loop density (nucleation) and not for the loop size

(growth). The anisotropic displacement cascade mechanism is tentatively proposed

as the most likely cause of the observed dislocation loop orientation dependence,

although the influence of compressive stresses associated with the ion implantation

cannot be ruled out. Further work is planned to test these mechanisms, including

an irradiation with the ion beam direction 30° from the surface normal of the

samples.

The observation of partial unfaulting in the loops lying on {111} habit planes

suggests that there is an intrinsic difference between ion and neutron irradiation at

650°C. From neutron irradiation studies conducted on stoichiometric spinel at

temperatures from 400 to 650°C, the loops which form on {111} planes have

always been found to be faulted on both sublattices with Burgers vectors of the
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type a/6<111> [11,12]. In contrast, we have observed that essentially ail of the

loops on {111} planes that form in stoichiometric spinel following Mg+ or Al+ ion

irradiation at 25 and 650°C are of the type a/4 <110>{111) [2,6]. This type of loop

does not contain an anion fault and is electrically more stable than faulted a/6 {111}

Bjrgers vectors [11]. Possible causes for this difference between the ion and

neutron case include differences in the ion versus neutron ionizing radiation fields,

displacement rate effects, or electric field effects associated with the implantation of

charged particles. We have not observed any clear orientation relation between the

Burgers vectors of the partially unfaulted loops and the ion beam direction. In

addition, there is no apparent correlation between the unfaulted loop Burgers

vectors and the foil normals of the cross-section specimens, which indicates that the

loop unfau!ting is not an artifact associated with the TEM specimen preparation. We

have found some evidence that the partially unfaulted {111} loops rotate toward

{110} habit planes in a direction that would bring their habit plane normal to the

<110> Burgers vector.

The present results are a further indication that there are many undiscovered

and poorly understood radiation effects phenomena in ceramics. Systematic

studies with charged particle and neutron irradiation sources are needed to increase

our knowledge of basic radiation effects in ceramics, and to understand the sources

of differences in behavior between metals and ceramics.
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Figures

Fig. 1. Cross-section microstructure of spinel irradiated at 650°C to a fluence

o f ^ S x i O ^ A r / m 2 .

Fig. 2. Loop habit plane identification in spinel irradiated at 650°C to a

fluence of 1.5 x 1021 Al+/m2 (same region imaged for both photographs). The foil

normal is near [111], and the arrows indicate the magnitude and direction of the

diffraction vector. The irradiated surface normal for this grain was near [312].

Fig. 3. Anisotropic loop formation in ion-irradiated spinel. The data points

are normalized to the total measured loop density at each fluence.

Fig. 4. Isotropic loop size in ion-irradiated spinel.
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Fig.

Dislocation Loop Size in Al+ Ion Irradiated Spinel
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