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ABSTRACT: Stoichiometric polycrystalline magnesium aluminate spinel

has been irradiated at 25 and 650°C with 2.4 MeV Mg+ ions to a fluence

of 1.4 x 1021 ions/m2 (~35 dpa peak damage level). Microindentation hard-

ness measurements and transmission electron microscopy combined with

energy dispersive X-ray spectroscopy measurements were used to char-

acterize the irradiation effects. The room-temperature hardness of

spinel increased by about 5% after irradiation at both temperatures.

There was no evidence for amorphization at either irradiation temper-

ature. Interstitial-type dislocation loops lying on fUO} and {ill}

planes with <110> Burgers vectors were observed at intermediate

depths (~1 urn) along the ion range. The <l]O>{lll} loops are

presumably formed from <lll>Jlll} loops as a result of a shear on the

anion sublattice. Only about 0.05% of the calculated displacements

were visible in the form of loops, which indicates that spinel has a

high resistance to aggregate damage accumulation. The peak damage

region contained a high density of dislocation tangles. There was no

evidence for the formation of voids or vacancy loops. The specimen

irradiated at 650°C was denuded of dislocation loops within ~1 urn of

the surface.
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INTRODUCTION

Ceramic materials are needed for a variety of specialized appli-

cations in proposed fusion reactors [1-3]. However, there have been

relatively few systematic studies of radiation effects in ceramics.

One material that has shown a promising resistance to radiation damage

is magnesium aluminate spinel, MgAl2O». This material exhibits a

strong resistance to void swelling during neutron irradiation at ele-

vated temperatures [4-7]. A characteristic feature of spinel is its

high efficiency for point defect recombination, which results in a

low density of observable point defect aggregates during irradiation.

The crystal structure of spinel is cubic, with predominantly ionic

bonding. The fee unit cell contains 56 atoms and the lattice

parameter for stoichiometric spinel is 0.808 nm.

EXPERIMENTAL PROCEDURE

Polycrystalline spinel (grain size =30 urn) manufactured by

Ceradyne, Inc. was used for the present investigation. The material

was ~99°/. dense and was close to stoichiometric (magnesia-to-alumina

ratio ~1.0). The impurities detected in a spectrochemical analysis

are given in Table 1. A neutron irradiation study has been performed

using specimens taken from the same block of material [7].

Mechanically polished transmission electron microscope (TEM)

specimens (3 mm diam by 0.5 mm thickness) were irradiated with 2.4

MeV Mg+ ions using the Van de Graaff facility at Oak Ridge National

Laboratory [8]. Irradiations of nine specimen arrays were conducted

at room temperature (0.12 Tm) and 650°C (0.38 T m ) . The temperature



was monitored using thermocouples attached to the back of the specimen

holder. Previous experiments performed at ORNL on MgO [9] indicate

that the specimen temperature should be within 10cC of the thermo-

couple value. The fluence for each of the nine specimens was

determined by making periodic flux measurements during the irradiation

with a matching array of Faraday cups. The mean range of 2.4 MeV Mg+

ions in spinel was calculated to be 1.66 urn using the EDEP-1 computer

code.

Specimens were irradiated to a fluence of ~1.4 x 10 2 1 ions/m* at

both temperatures. The conversion of this fluence to a displacement

per atom (dpa) value is hindered by uncertainties in the threshold

displacement energies (Ed) for the three ionic species in spinel.

Crawford et al. [10] measured E<j values of 130/86/77 eV for the

O/Mg/Al sublattices, whereas Parker [11] has argued that the lower

values of 60/60/20 eV are more appropriate. Ghoniem and Chou [12]

have performed computer simulations to study collision cascades in

polyatomic ceramics and they presented an empirical equation for an

effective displacement energy. Using the sublattice displacement

energies given by Parker [11], a value of 40 eV is derived from their

equation. With this value, the peak damage level for the present

experiment (at an ion depth of 1.5 urn) is calculated by EDEP-1 to be

~35 dpa. The flux during the bombardment was maintained at

1.5 x 1017 ions/m2-s (~4 x 10"3 dpa/s at 1.5 urn).

The hardness changes in the ion-irradiated specimens were mea-

sured at room temperature using a specialized microindentation hardness

tester [13]. The indenter load and displacement were continuously



measured during the indentation process so that depth-dependent

hardness changes could be obtained on the as-irradiated TEM

specimens. Indentations made in nonirradiated regions on the outer

periphery of each TEM disk served as control measurements. A minimum

of eight indents were made in both the irradiated and nonirradiated

regions of the TEM disk for each irradiation condition.

Microstructural characterization of the radiation-damaged region

was performed on both back-thinned and cross-sectioned TEM specimens.

The back-thinning technique is relatively simple and can be used to

characterize irradiated regions within a few tenths of a micrometer

from the surface. The procedure used for preparing the cross-

sectioned specimens was similar to that described in detail by Horton

et al. [9]. An irradiated disk was glued face-to-face with an unirra-

diated spinel TEM disk. This sandwich specimen was cut perpendicular

to the irradiated surface, mechanically dimpled, mounted onto a

3-mm-diam supporting ring and ion-milled until perforation occurred

near the irradiated interface. The as-milled cross-section specimens

were given an initial through-focus examination in an electron

microscope at high magnification in an attempt to observe any void

formation that may have occurred as a result of the irradiation. The

specimens were subsequently coated on one side with a thin film of

carbon to minimize beam charging effects in the microscope and

analyzed in more detail.

The TEM examination was performed using Philips CM12 and JEOL

2000FX electron microscopes, operated at 120 and 200 kV, respec-

tively. Microchemical information was obtained from cross-sectioned



specimens using a Philips EM 400T microscope equipped with a field

emission gun operating at 100 kV and an EDAX 9100/70 energy dispersive

spectroscopy (EDS) system. The foil thickness was determined from

thickness fringes, using the extinction distances calculated for

spinel by Shaibani [14]. Table 2 reproduces his results obtained for

the case of completely ionic bonding. Calculations assuming covalent

bonding produced similar answers with the exception of the <111>

reflection where the calculated extinction distance was over twice

the ionic case [14].

EXPERIMENTAL RESULTS

Optical examination of the irradiated disks revealed indications

of slight ion beam etching at the grain boundaries. The etching was

less pronounced in the specimens irradiated at 25°C. The optical

microstructures of disks irradiated at the two temperatures are com-

pared in Fig. 1.

The measured depth-dependent hardness of spinel irradiated at

room temperature is shown in Fig. 2. The hardness measurements obtained

from unirradiated portions of the same specimen are also shown in

this figure. The unirradiated hardness of spinel was essentially

independent of indent depth with a value of ~8.2 GPa. The hardness

increase due to irradiation was constant for indent depths greater

than 120 nm, with a value of 0.399 ± 0.020 GPa. Indent depths

greater than 600 nm could not be examined due to the high hardness

number of spinel; the load at a depth of 600 nm was close to the

maximum attainable with the indenter system (~10 g).



The corresponding depth-dependent hardness of spinel irradiated

at 650°C is shown in Fig. 3. The unirradiated hardness for this con-

dition was also ~8.2 GPa. However, the irradiation-induced hardness

change for this temperature was observed to increase with increasing

indent depths for depths up to 300 nm. The hardness change at indent

depths ^300 nm was approximately constant with a value of 0.341

± 0.050 GPa. The correspondence between indent depth and depth-

dependent microstructural features is complex because the elastic

fields beneath the indenter extend to distances that are several

times the indenter depth. A common rule of thumb is that the

measured hardness at a given indent depth corresponds to the material

hardness at a depth of 2 to 5 times the indent depth. The actual

value of the conversion factor depends on the material and

microstructural features being studied.

MICROSTRUCTURAL EXAMINATION

The microstructure of spinel in unirradiated regions consisted

of essentially defect-free grains with a low dislocation density.

Dislocations were often found to form regular arrays, as shown in

Fig. 4. Previous work on spinel has identified these to be

a/4<110> dissociated dislocations [15].

The general depth-dependent microstructure observed for spinel

irradiated at 650°C is shown in Fig. 5. There was no residual

radiation damage observed withir. 0.9 urn of the surface. The region

from 0.9 to 1.5 um contained dislocation loops, whose density

increased with increasing depth. The region from 1.5 to 2 um con-

sisted of dense dislocation tangles and arrays. The measured damage



range of ~2.0 um is in good agreement with theoretical calculations;

according to EDEP-1, the displacement damage profile falls below 17.

of the peak damage value at a depth of 1.96 pm.

The microstructure in the midrange and peak damage regions for

spinel irradiated at room temperature (Fig. 6) was similar to that

observed in the 650°C specimens. However, in contrast to the 650°C

case, dislocation loops were also observed in the near-surface

regions of the 25°C specimens. Figure 7 shows dislocation loops that

were observed in a back-thinned specimen of spinel irradiated at 25°C

(at an irradiation depth <0.1 pm). Loops were not observed in back-

thinned specimens of spinel irradiated at 650°C.

The typical irradiation microstructure observed in the 25°C

spinel specimens at a depth of ~1 urn is shown in Fig. 8. A similar

microstructure was observed at this depth in the specimens irradiated

at 650°C. The microstructure consisted of isolated circular disloca-

tion loops with diameters ranging from 5 to 50 nm. Table 3 summa-

rizes the loop parameters measured at two different implantation

depths for both of the two irradiation conditions. The mean loop

diameter at a depth of 1 \im was about 15 nm for both irradiation

temperatures. The loop density at 1 ym was nearly a factor of 2

lower for the 25°C irradiation as compared to the 650°C irradiation.

The density of network dislocations in the peak damage region (1.5 to

2.0 \im) was ~1015/m2 for both irradiation temperatures. An

inspection of electron diffraction patterns indicated no evidence of

amorphization at either irradiation temperature.
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The habit planes of the dislocation loops were identified by

tilting the foil close to several different low-index beam directions

(B) and observing the loops in an edge-on configuration. As shown in

Fig. 9, loops were observed to lie on {110} and {ill} planes. The

population of {110} loops was comparable to that of {ill} loops for

specimens irradiated at 25°C. The corresponding ratio of {110} to

{ill} loops at 650°C was a factor of about 2. The habit planes of

several loops could not be consistently matched with either {110} or

{ill}. It is possible that a small percentage of the loops created

during ion irradiation lie on an undetermined third set of habit

planes.

The microstructure observed near the peak damage region in

spinel is shown in Fig. 10. There is a rather abrupt change at a

depth of ~1.6 pm from isolated dislocation loops in the midrange

damage region to dislocation tangles in the peak damage region. The

dislocation tangle microstructure persists to the end of the damage

range, whereupon there is a similar abrupt transition to perfect,

undamaged crystal.

The Burgers vector (b) and nature of the dislocation loops

located at an irradiation depth of ~1 \im were determined for the two

irradiation conditions using techniques described by Maher and Eyre

[16]. A total of seven different beam directions extending over two

standard triangles were used along with eight independent sets of ±g

to perform the analysis for the 650°C specimen. Five beam directions

and five different sets of ±g were used for the 25°C specimen. At

least two different beam directions were generally used for each ±g



pair. Both bright-field and weak-beam dark-field exposures were used

in the analysis.

Figures 11 and 12 show some of the micrographs that were used to

characterize the loops in spinel irradiated at 650°C. Table 4 summa-

rizes the analysis for the loops labeled A through I. In Fig. 11,

loops A and B are nearly edge-on for B = [111] and B = [Oil]; the

loop habit plane was identified as (ill). Both of these loops were

invisible for g = ±[400]. They exhibited inside contrast for

g = [040] and outside contrast for g = [044] and g = [202] (not shown),

Consequently, both loops were identified to be interstitial in nature

with a Burgers vector of a/n[0ll]. Loops H and I were observed to be

edge-on for B = [011] (Fig. 11) and their loop habit plane was

determined to be (Oil). They exhibited the same diffraction contrast

as loops A and B and were therefore identified as b = a/n[0ll]

interstitial-type Frank loops. Loop G was found to be nearly edge-on

for B = [011] and analysis during tilting identified the habit plane

as (101). This loop was invisible for g = ±[202] (Fig. 11) and

g = ±[040] (Fig. 12). Loop G showed outside contrast for g = [220]

and g = [400] (Fig. 12) and therefore b = a/n[101]. In summary, all

of the loops analyzed for the 650°C irradiation were interstitial

type with <110> Burgers vectors. The loops were found on [ill} and

{110} planes, with the {110} loops existing as Frank loops. There

was no significant difference in average size between loops on the

two sets of habit planes.

The small size of the loops that were analyzed made it difficult

to determine the magnitude of the Burgers vectors. The standard
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method for determining the magnitude of b usually involves varying

the length of the diffraction vector g and observing the occurrence

or absence of fault contrast inside the loop [4]. However, fault

contrast was generally not observed for the small loops under a wide

range of diffracting conditions. Several larger loops were observed

(Fig. 13) to exhibit fault contrast for g = <220>. The fault contrast

was weak or invisible for g = <440> and g = <004>. This indicates

that the fault vector (and Burgers vector for Frank loops) may be

b = a/4<110>, consistent with previous [4-6] findings for neutron-

irradiated spinel.

Some of the micrographs used for the loop analysis of the 25°C

specimens are shown in Fig. 14. Loops x and y w e n identified to

lie on (ill). From Fig. 14, these loops exhibited inside contrast

for g = [040] and were invisible for g = [400] and g = [Til]. The,

Burgers vector is therefore identified as b = a/n[0ll] and the loops

are interstitial. The habit plane for loops w and z was found to be

(011). The loops were invisible for g = [400] and showed outside

contrast for g = [040] and g = [111], indicating that they are Frank

interstitial loops with b = a/n[011]. The magnitude of the fault

vectors was not conclusively determined for the loops in the 25°C

specimens, but indications were that b = a/4<110> in analogy with the

650°C case.

Table 5 summarizes the results obtained from loop analysis at

the two irradiation temperatures. All analyzed loops were intersti-

tial in nature. The loop microstructure at 650°C consisted primarily

of Frank {110} loops, along with a lower density of {ill} loops with
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b = <110>. The 25°C specimen contained nearly equal numbers of {110}

and [ill} loops with b = <110>. About 20% of the analyzed loops

could not be consistently indexed with regard to either their habit

plane or Burgers vector.

The location of the Mg ions that were implanted into the spinel

specimens during the irradiations was investigated by electron dis-

persive X-ray spectroscopy (EDS). Several line scans that traversed

the ion-damaged region of cross-section specimens were performed

using the STEM mode of a Philips 400T FEG electron microscope. The

results of a typical analysis performed on spinel irradiated at 25°C

are shown in Fig. 15. Each data point represents a 50 nm (4 s

counting period) portion of a continuous line scan with a ~10 nm

probe. The conversion from measured X-ray intensities to an atomic

Mg:Al ratio used a k factor of 1.42, which is the value calculated by

the NEDQNT computer program [17] for a foil thickness of 100 nm and

the experimental geometry used in the measurements. The Mg to Al

atomic ratio in the nonirradiated portion of the line scan

(Mg/Al = 0.51) is in good agreement with the value of 0.50 expected

for stoichiometric spinel. This ratio showed a peak of ~0.65 in the

region that corresponds to the expected mean ion range. The Mg to Al

ratio was slightly enhanced at intermediate depths of the damage zone

compared to the nonirradiated value, with a ratio of 0.55 occurring

at depths between 0.9 and 1.4 urn. This possible enrichment was not

observed in specimens irradiated at 650°C. The accuracy of the line

scan measurements was checked using isolated spot measurements in the

TEM mode (better counting statistics) in the unirradiated region and
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at ~1 um from the bombarded surface. A numerical integration of the

excess Mg concentration contained in the line scan profile of Fig. 15

(at depths of 0.8 to 2.0 um) produced an estimate of the implanted

fluence of 1.5 x 10si Mg/m2, which is in good agreement with the

measured fluence of 1.4 x 1021 Mg/m2.

There was no electron diffraction or microstructural evidence at

either irradiation temperature for precipitation of Mg, despite the

large Mg supersaturation that was present due to implantation. Elec-

tron diffraction measurements indicated that there was no perceptible

change in the lattice parameter in the peak damage regions following

the implantation, although there was evidence of matrix strain.

Preparation of TEM specimens by argon ion milling produced arti-

factual damage in the form of small loops. It was therefore difficult

to determine if small loops were formed as a result of the Mg+ irra-

diation. The loops due to ion milling were prevalent in specimens

prepared at room temperature and small loops were observed even in a

specimen that was milled at liquid nitrogen temperature. Figure 16

shows an example of loops that were observed in an unirradiated

spinel specimen that was prepared by milling with 6 kV argon ions at

~77 K. The loop size for this case ranged from 1 to 10 nm.

DISCUSSION

Both the microindentation hardness measurements and direct TEM

observations indicate that spinel is not amorphized by 2.4 MeV Mg

ions for doses up to 1.4 x 1021/m2 at room temperature or at 650°C.

It has been observed that many ceramic materials typically display
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three distinct hardness regimes with increasing ion dose, ultimately

leading to a softened amorphized state [18]. The hardness results

presented in Figs. 2 and 3 suggest that the material is in the so-

called Region I, where the hardness is increased due to lattice

defects created by irradiation. Hurley et ai. [19] have observed a

similar increase of compressive strength in polycrystalline spinel

irradiated to a fast neutron (E > 0.2 MeV) dose of 2 x 102* n/m2

(-20 dpa) at ~155°C.

Ionic materials such as MgO and A12O3 become amorphized by ions

at room temperature when the displacement damage density exceeds a

critical value of 3 to 7 keV/atom [18]. The nuclear stopping power

for 2.4 MeV Mg+ ions incident on spinel reaches a maximum value of

2.5 x 1011 eV/m at a depth of 1.56 pm, according to EDEP-1 calcula-

tions. The corresponding damage energy density in this region for a

fluence of 1.4 x 1021 ions/m2 is ~3.5 keV/atom (35 dpa, assuming a

displacement energy of 40 eV). Therefore, the critical energy den-

sity for amorphization of spinel is greater than or equal to that for

A12O, and MgO. It is interesting to note that spinel prepared by

plasma spray techniques is apparently made amorphous at energy den-

sities below 3 keV/atom [20].

The implantation of Mg+ ions into spinel created a large con-

centration of excess magnesium in the peak damage region (Fig. 15).

However, this supersaturation of Mg did not produce any observable

precipitation at either of the two irradiation temperatures according

to electron diffraction and TEM measurements. This may be due to the

low diffusivity of Mg in spinel. Cation mobility measurements [21,22]
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suggest that the diffusion coefficient for Mg+ in polycrystalline

spinel should be <10"22 m2/s at 650°C. This would produce thermal

migration distances of <1 nm during the 3-h ion irradiation. Optical

absorption studies performed on MgO implanted with a comparable dose

of Mg+ ions found that precipitation occurred when the implanted

samples were annealed for 15 min at temperatures above 600°C [23].

This suggests that Mg is more readily incorporated into the spinel

lattice than into MgO. Alternatively, it is possible that residual

strain associated with the implantation into spinel may be masking

the precipitation. Treilleux et al. [23] reported that additional

reflections did not appear in their electron diffraction patterns of

implanted MgO until the specimens were annealed at temperatures above

800°C. It therefore appears likely that small precipitates may be

present in the implanted spinel that are not detectable by conven-

tional TEM or electron diffraction analysis.

There was no observable void formation in spinel irradiated at

either 25 or 650°C. In addition, none of the analyzed loops were

found to be vacancy type. It is possible that some of the smaller

loops could be vacancy type, since loop analysis was not performed on

loops with diameters less than ~15 nm. However, the low diffusivity

of vacancy defects in spinel should inhibit the formation of vacancy

clusters by thermal processes.

Previous studies on neutron-irradiated spinel have identified

1/4<11O>{11O} loops, along with 1/6<111>{ 111} loops in certain cases

[4-6,24]. Both of these are prismatic (pure edge) loop configurations.

The <110>[ll0} loops were typically found to nucleate in rosettes
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with as many as six loops intersecting along a common line. The

<110>(110} loops are stoichiometric and contain a cation fault,

whereas the <lll>{m} loops contain both a cation and anion fault.

Other researchers have discussed the unfavorable energetics asso-

ciated with the <111>{111} faulted loop in spinel [4-6]. These loops

are generally found only in Al-rich spinel (the extrinsic loop con-

tains essentially an extra A14O, layer with a large number of vacant

sites) [6]. The <111>{111} loops are occasionally found in stoi-

chiometric spinel, possibly as a result of cation segregation.

In the present study we have observed <110>{110} and <110>{111}

interstitial loops at both irradiation temperatures. The <110>{H0}

loops did not form rosettes in contrast to the neutron irradiation

case. The <110>{ll0} configuration appears to be the more preferred

morphology for an ion irradiation temperature of 650°C. The absence

of loops on {ill} with a Burgers vector of <111> confirms the relative

instability of this type of loop in stoichiometric spinel. The

presence of <110>(lll} loops may be the result of <111>{111} loops

that have sheared to remove the anion fault. The relevant dis-

location reaction for this process would be

I [111] + y| [211] - \ [Oil] .

We are not aware of any previous observations of <110>(lll} loops in

irradiated spinel. The absence of this type of loop in neutron-

irradiated spinel suggests that some characteristic of the ion irra-

diation environment is successful in promoting the nucleation and
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propagation of a 1/12<211> partial dislocation, even for a room tem-

perature irradiation. Such characteristic differences between reac-

tor and ion irradiations might include displacement damage rate

effects or differences in the ionizing radiation environment.

It is well documented that spinel is resistant to void and loop

formation during neutron [4-6,24] and electron [6,14,25] irradiation.

We are not aware of any previous published microstructural examina-

tions of ion-irradiated spinel. An extensive HVEM irradiation study

of stoichiometric spinel (with and without pre-implanted helium) pro-

duced no detectable void or loop formation [14,25]. The loop-denuded

surface zone observed in the present study for spinel irradiated at

650°C (Fig. 5) suggests that thin foils typically used for HVEM bom-

bardment (~1 urn thickness) will not retain any defect clusters or

loops during elevated-temperature irradiation. On the other hand,

loop formation has been observed in hyperstoichiometric (alumina-

rich) spinel during HVEM irradiation [6]. There is obviously a

strong point defect-chemistry interaction in spinel.

The effect of ion irradiation temperature on damage accumulation

in spinel appears to be rather small over the temperature range of 25

to 650°C. The microstructure at depths of 1.0 to 2.0 urn following

irradiation at room temperature was similar to that observed for the

650°C specimen (Figs. 5 and 6). The loop size at a depth of ~1 urn

was ~15 nm for both irradiation temperatures, and the network dis-

location density in the peak damage region was ~10IS/m2 for both

cases. This similarity is also reflected in the hardness measure-

ments. The hardness increase measured at intermediate indent depths
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in the 650°C specimen was 85% of the value measured on the 25°C

specimen. The main differences observed between the two irradiation

temperatures were: (1) irradiation at high temperature introduced a

loop-denuded zone near the surface, (2) the loop density at a depth

of ~1 pm was higher for the 650°C irradiation (Table 3), and (3) a

higher fraction of the analyzed loops were identified to be of the

<110>{ll0| type for the high-temperature irradiation.

The absence of observable defect clusters in the near-surface

region of spinel irradiated at 650°C may be due to several causes.

Surface denuded zones observed in irradiated metals have been

attributed to radiation-enhanced diffusion of point defects to the

surface, which reduces the point defect supersaturation to a level

that is insignificant for appreciable cluster nucleation and growth.

Alternatively, it is possible that the irradiation dose in spinel

must exceed some threshold value before significant concentrations of

defect clusters can be observed. The damage rate (and hence

cumulative dose) near the surface of ion-irradiated specimens is less

than that experienced in the midrange and peak damage regions, which

could lead to a surface denuced zone for a particular dose. The

applicability of these mechanisms to the observations in this paper

cannot be properly evaluated since only one irradiation dose was

performed.

The concentration of interstitials contained in loops at a depth

of ~1 ym in the ion-irradiated spinel foils (Table 3) is 3.4 x 10~*

at 25°C and 5.8 x 10"* at 650°C. It was assumed for this calculation

that all of the loops had l/4<110> Burgers vectors. Since the damage
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level at a depth of 1 urn was ~10 dpa, the corresponding fraction of

displacements retained in the form of visible defect clusters (n) is

0.034 to 0.058%. (Nothing can be said at this time about the fluence

dependence of this parameter since the present experiment involved

only a single dose.) Measurements made on spinel irradiated with

neutrons to a comparable dose at 650 and 825°C have similarly found

that n ~ 0.05'/. [4,5]. The value of n for the 825°C irradiation was

larger than that for the 650°C neutron irradiation. This is in

agreement with the present results, where the value of n was larger

for the higher temperature irradiation.

The absence of void swelling in neutron-irradiated spinel has

been attributed to the failure of loops to unfault and form dis-

location networks [4,5]. Since there are no efficient interstitial

sinks, vacancy-interstitial recombination is the dominant point

defect interaction process. The present results indicate that loops

may unfault under certain conditions, at least on one sublattice.

The general mechanisms associated with the removal of faulted layers

in loops in ceramics are deserving of further study.

SUMMARY AND CONCLUSIONS

Irradiation of spinel at 25 and 650°C-with 1.4 x 1021 ions/m2 Mg+

(~35 dpa peak damage level) increased the hardness by about 5%

(AH ~ 0.4 GPa). There was no evidence for amorphization at either

irradiation temperature. The region near the surface was devoid of

any visible defect clusters up to a depth of ~1 urn for spinel irra-

diated at 650°C. This may help explain the resistance of stoichio-

metric spinel to defect aggregation during HVEM irradiation.
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Interstitial loops were formed on {110} and {ill} planes with <110>

burgers vectors. This implies that loops formed on {ill} planes have

sheared to remove the fault on the anion sublattice. There was no

evidence for vacancy-type clusters (voids or loops). About 0.05% of

the displacements are visible in the form of interstitial loops.
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TABLE 1-Chemical impurities in spinel (wt ppm)

Ag

B

Ba

Be

Bi

Ca

Cd

<1

5

<3

<1

<5

60

<10

Co

Cr

Cu

Fe

Ge

In

K

<3

10

4

200

<10

<10

<200

Li

Ga

Mn

Mo

Na

Nb

Ni

1000

70

6

<3

<30

<30

5

P

Pb

Sb

Si

Sn

Sr

Ta

<100

<10

<30

30

<10

<1

<300

Ti

Tl

V

W

Y

Zn

Zr

10

<30

<10

<300

<10

<30

<30



TABLE 2-Extinction distances in spinel for

100 kV electrons at 0 K as calculated

by Shaibani [14] assuming ionic bonding

g

i n

220

311

400

k
(nm)

138.5

200.7

128.7

68.6

g

331

511

333

440

k
(nm)

790.1

233.7

233.7

69.0



TABLE 3-Depth dependence of loop size and density

in ion-irradiated spinel

Irradiation

Temperature Depth
(°C) (pm)

25

650

0.1
1.0

0.1
1.0

Diameter
(nm)

30
15

14

Density
(102O/m3)

5
60

0
110



TABLE 4-Dislocation loop analysis for spinel

irradiated at 650°C

Loop "? b 1 t S u rf r s
y Plane Vector

A,

C

D,

G

H,

B

E, F

I

(111)

(Hi)

(Oil)

(101)

(Oil)

a/n[011]

a/n[0ll]

a/n[011]

a/n[101]

a/n[0Tl]



TABLE 5-Summary of loop analysis

performed on spinel

Irradiation
Temperature

25

650

Habit Burgers
Plane Vector

[110] <110>
till} <110>

Uncertain
(110) <110>
{ill] <110>

Uncertain

frequency

17
13
6
15
6
6



FIGURE CAPTIONS

FIG. 1-Optical microstructure of spinel following ion irra-

diation to 1.4 x 1021 Mg+/m* at 25 and 650°C.

FIG. 2-Depth-dependent hardness of spinel irradiated at 25°C.

FIG. 3-Depth-dependent hardness of spinel irradiated at 650°C.

FIG. 4-Dislocation arrays observed in non-irradiated spinel.

FIG. 5-Oepth-dependent microstructure of spinel irradiated at

650°C.

FIG. 6-Depth-dependent microstructure of spinel irradiated at

25°C.

FIG. 7-Dislocation looos in a back-thinned specimen irradiated

at 25°C (irradiation depth -0.1 urn). The beam direction is near

<211> and g = <022>.

FIG. 8-Weak-beam (g, 3g) microstructure of spinel irradiated

at 25°C. Cross-section specimen showing features at an irradiation

depth of 0.9 to 1.3 urn.

FIG. 9-Determination of loop habit planes in spinel irradiated

at 25°C. Loops a, b, and c lie on the (111), (101), and (Til) planes,

respectively.

FIG. 10-Microstructure of spinel near the peak damage region

following irradiation at 650°C. Loops d and e are observed to lie on

(III) and (T01) planes, respectively.

FIG. 11-Contrast of dislocation loops in spinel irradiated at

650°C for various diffraction conditions. The arrows indicate the

direction of g.

FIG. 12-Series of micrographs used for part of the dislocation

loop analysis for spinel irradiated at 650°C. The arrows denote the

direction of g.



FIG. 13-Fault contrast observed in loops following irradiation

at 650°C. Imaging was performed using weak beam (g, 4g) conditions.

FIG. 14-Series of micrographs used for part of the dislocation

loop analysis for spinel irradiated at 25°C. The arrows denote the

direction of g.

FIG. 15-Depth-dependent atom ratio of Mg to Al in spinel irra-

diated at 25CC, as determined from an EDS line scan. The integrated

intensity of the Al Ka peak was —1500 counts per data point.

FIG. 16-Small dislocation loops observed in a non-irradiated

spinel specimen following ion milling at a temperature of 77 K.
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OPTICAL MICROSTRUCTURE OF ION-IRRADIATED SPINEL
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DEPTH-DEPENDENT MICROSTRUCTURE OF ION-IRRADIATED SPINEL
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:RRAI AT 25 °C
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WEAK BEAM MICROSTRUCTURE OF ION-IRRADIATED SPINEL
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DISLOCATION LOOP HABIT PLANES IN SPINEL
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DISLOCATION LOOPS IN SPINEL IRRADIATED AT 650 C
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DISLOCATION LOOP ANALYSIS FOR SPINEL IRRADIATED
AT 650 C
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FAULTED LOOPS IN ION-IRRADIATED SPINEL
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DISLOCATION LOOPS IN SPINEL IRRADIATED AT 25 C
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ION MILL DAMAGE IN SPINEL


