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Abstract

Mechanical properties of a-alumina, stoichiometric- and nonstoichiometric-magnesium aluminate spinel single

crystals were examined by using ultra-microhardness technique. The samples were irradiated with 100 keV He� ions at

temperatures of 300±870 K and to ¯uences up to 2 ´ 1020 He�/m2. Apparent hardness, DH, in a-alumina increases with

¯uence in three stages, while that of spinel crystals increases monotonically with ¯uence. We have also evaluated elastic

modulus, plastic and elastic energies, and plastic and elastic indentation depths through the analysis of load±dis-

placement curves. These analyses showed that plastic and elastic hardening are responsible for the variation of DH of a-

alumina, and that plastic hardening is the main cause of hardening in spinel crystals. Corresponding TEM observations

suggested the importance of point defects and/or `invisible' defect clusters for radiation hardening compared to `visible'

dislocation loops. The relationship between microstructure and mechanical properties is given for various ceram-

ics. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Oxide ceramics, such as a-alumina and magnesium

aluminate spinel, have potential applications in fusion

reactors for toroidal insulating breaks, radio frequency

windows and diagnostic probes [1]. The stability of

mechanical properties is, needless to say, one of the es-

sentials to con®rm the safe use of these ceramics under

fusion environments. There have been, however, few

systematic studies on mechanical properties of the oxide

ceramics, except for limited reports on ion- and neutron-

irradiated stoichiometric spinel and a-alumina [2±5].

The ultra-microhardness technique, or nanoindenta-

tion technique, is useful for measuring mechanical

properties of thin surface layers and small regions of

irradiated materials [6,7]. This technique also allows one

to record load±displacement relation continuously dur-

ing the indentation process. In the present study, we

have applied the technique to study the mechanical

properties of sapphire, and stoichiometric and non-

stoichiometric magnesium aluminate spinel, irradiated

with 100 keV He� ions. The load displacement curves of

these ceramics are analyzed as a function of He-ion

¯uence and irradiation temperature, evaluating apparent

hardness, elastic modulus, plastic and elastic energies

dissipated during indentation process, and also the

plastic and elastic indentation depths. The objectives of

this study are, thus, to establish a method of analyzing

the load±displacement curves in order to understand the

mechanical properties of irradiated ceramics and to

discuss these properties with the microstructure of the

ceramics from transmission electron microscopy.

2. Experimental

Single crystals of sapphire, a-Al2O3 (Union Carbide),

and stoichiometric and non-stoichiometric spinel,

MgO á Al2O3 (Union Carbide) and MgO á 2.4Al2O3

(Nakazumi Crystal), were used in the present study. Flat

samples with a (1 1 2 0) surface plane for sapphire and a

(1 1 1) plane for spinel were prepared. They were an-

nealed for 24 h at 1770 K for sapphire and at 1570 K for

stoichiometric and nonstoichiometric spinel, following

polishing to an optical ®nish. These samples were irra-

diated with 100 keV He� ion ¯uences from 2.4 ´ 1018 to
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2.0 ´ 1020 He�/m2 at temperatures from 300 to 870 K.

The TRIM-96 code [8] calculates the ranges of 100 keV

He� ions in a-Al2O3, MgO á Al2O3 and MgO á 2.4

Al2O3 to be around 550 nm. The displacement threshold

energy is assumed to be 25 eV for Al and Mg, and 60 eV

for O for all crystals examined.

Ultra-microhardness tests were carried out at 300 K

on the irradiated surfaces using an ultra-microhardness

tester (ENT-1041, Elionix). For each sample, 10 inden-

tations were made with the maximum load (Pmax)

ranging from 0.03 to 0.39 N. In these measurements, the

indenter, a triangular-base diamond pyramid with a

115° included angle, was controlled by a computer to

reach the preset maximum load for 10 s. The load±dis-

placement relation was recorded continuously during

the indentation process with depth- and load±measuring

resolution of 1 nm and 2.45 ´ 10ÿ4 N, respectively.

TEM samples were prepared by ion thinning with 4

keV Ar� ions. The ion-milled samples were annealed

under the same condition as the hardness samples to

eliminate defect clusters induced during ion-milling. The

weak-beam dark-®eld technique was used to observe

tiny defect clusters at an electron energy of 200 keV.

3. Results and discussion

Fig. 1 shows typical examples of load±displacement

curves for unirradiated and He-ion irradiated a-Al2O3

samples at a load of 0.049 N. A large component of

elastic recovery is seen in load±displacement curves both

for unirradiated and irradiated samples. This large

elastic recovery was seen for all samples, a-Al2O3;

MgO á Al2O3 and MgO á 2.4Al2O3, and for all irradia-

tion ¯uences and temperatures. As a ®rst step of ana-

lyses, we have evaluated the apparent hardness, H, from

the load±displacement curves by using the following

equation:

H � CPmax=h2
max; �1�

where Pmax is the maximum load, hmax the maximum

indentation depth and C a geometric constant de®ned by

the shape of the indenter. The apparent hardness de®ned

in Eq. (1) can be, therefore, understood as a resistance

for both elastic and plastic deformation.

Fig. 2 shows the di�erence in the apparent hardness,

DH, between unirradiated and irradiated samples as a

function of He-ion ¯uence at four kinds of temperatures.

It is known that the plastically deformed volume extends

about 5 times the indentation depth beneath the indenter

[9]. The plastic indentation depth (hp) in a-Al2O3 at

0.049 N, which ranges from 140 to 180 nm, corresponds

to 25% to 32% of the range of 100 keV He� ions. The

measured hardness, therefore, represents almost the

averaged hardness of irradiated surface layer, though

that may include some contribution from the unirradi-

ated region. The damage distribution against the pene-

tration depth of incident ions is not considered in the

present work. In the case of room temperature irradia-

tion in Fig. 2, three stages can be seen in the DH-¯uence

relation. DH increases with ¯uence and reaches a

Fig. 1. Examples of load±displacement curves in a-Al2O3 un-

irradiated and irradiated with 100 keV He� ions at 300K. The

maximum load, Pmax, is 0.049 N. Here, hmax is the maximum

indentation depth, hp the plastic indentation depth, he the

elastic indentation depth (� hmax ) hp), dP/dh the slope of un-

loading curve, Wp the energy dissipated for plastic deformation

and We the energy dissipated for elastic deformation.

Fig. 2. Change in apparent hardness, DH, of a-Al2O3 as a

function of 100 keV He-ion ¯uence at irradiation temperatures

of 300, 470, 670 and 870 K.
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maximum at 5 ´ 1019 He�/m2 (stage I). At slightly

higher ¯uences, DH decreases sharply to about 60% of

the maximum value (stage II). At ¯uences higher than

7 ´ 1019 He�/m2, DH increases again gradually with

¯uence (stage III). Similar variation of DH is seen

against He-ion ¯uence at higher temperatures of 470,

670 and 870 K. However, at higher irradiation temper-

atures, the increment of DH at stage I and III decreases

with increasing temperature.

Fig. 3 shows a comparison of DH at 300 K as a

function of He-ion ¯uence for a-Al2O3, MgO á Al2O3

and MgO á 2.4Al2O3. In MgO á Al2O3 and MgO á
2.4Al2O3, the values of DH increase monotonically with

¯uence, showing a response di�erent to that in a-Al2O3.

In order to understand the di�erence in the DH-¯uence

relation between a-Al2O3, MgO á Al2O3 and

MgO á2.4Al2O3 (Figs. 2 and 3), we have tried to extract

the components of plastic and elastic energies dissipated

during the indentation process [10,11]. Shown in Fig. 1

as Wp and We are the plastic and elastic energies, re-

spectively. Wp can be related to the energy dissipated in

producing a permanent indentation by plastic defor-

mation. We is, on the other hand, identi®ed by earlier

literature [12] as energy to ¯exure the sample surface

with elastic deformation. The values of Wp and We are

shown in Fig. 4 as a function of He-ion ¯uence. In

Fig. 4(a), Wp in a-Al2O3 decreases at the beginning of

irradiation and keeps a constant value up to 5 ´ 1019

He�/m2 (stage I), but then recovers to the same value as

in an unirradiated sample (stage II). On the other hand,

We in a-Al2O3 decreases sharply around 2 ´ 1019 He�/

m2 (stage I), and gradually decreases with increasing

¯uence (stage II and III). Analogous variations were

seen on Wp and We with He-ion ¯uence at higher tem-

peratures of 470, 670 and 870 K. The amounts of the

change in Wp and We, however, decreases with in-

creasing temperature. In the cases of MgO á Al2O3 and

MgO á 2.4Al2O3 (Fig. 4(b) and (c)), Wp decreases

monotonically with increasing ¯uence, though We in-

creases slightly with ¯uence in the lower ¯uence range

and almost recovers to the level of the unirradiated

sample.

It can be understood, from a comparison of Figs. 2

and 4, that the increase in DH of a-Al2O3 in stage I is

due to the decrease in Wp and We. The radiation hard-

ening at stage I is, therefore, attributed to both plastic

and elastic hardening. An analysis of unloading curves

followed by the procedure reported by Page et al. [13]

showed that Young's modulus increases by 30% at a

¯uence of 5 ´ 1019 He�/m2 (stage I) and 20% at stage III

compared with the one for unirradiated sample. It is also

clear that decrease in DH of a-Al2O3 at stage II is at-

tributed to the recovery of Wp to the same level of the

unirradiated sample, indicating that plastic softening is

the main reason for the decrease in DH at stage II.

Furthermore, no signi®cant changes in We against

¯uence for MgO á Al2O3 and MgO á 2.4Al2O3 (Fig. 4(b)

and (c)) are seen, indicating that the variation of DH is

mainly due to the decrease of Wp with ¯uence.

Fig. 5 shows examples of the variation of total in-

dentation depth (hmax), plastic indentation depth (hp)

Fig. 3. Change in apparent hardness, DH, in a-Al2O3,

MgO á Al2O3 and MgO á 2.4Al2O3 as a function of 100 keV

He-ion ¯uence at an irradiation temperature of 300 K.

Fig. 4. Variations of Wp and We of (a) a-Al2O3, (b)

MgO á Al2O3 and (c) MgO á 2.4Al2O3 against 100 keV He-ion

¯uence at an irradiation temperature of 300 K.
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and elastic indentation depth (he) against He-ion ¯uence

of a-Al2O3 and MgO á 2.4Al2O3. Here, he is de®ned as

he� hmax ) hp. It can be seen in Fig. 4(a) and (b) that the

variation of hp and he in a-Al2O3 and MgO á 2.4Al2O3

are quite analogous to that of Wp and We shown in

Fig. 4(a) and (c), respectively. This result indicates that

the total indentation depth (hmax) in a-Al2O3 is a�ected

by the variation of both hp and he, whereas hmax in

MgO á 2.4Al2O3 is a�ected almost solely by hp, con-

®rming again that variations of DH (Figs. 2 and 3) are

caused by plastic and elastic hardening in a-Al2O3 and

mainly by plastic hardening in MgO á Al2O3 and

MgO á 2.4Al2O3.

To verify our interpretation of the indentation data,

TEM observations were performed. Fig. 6 shows weak-

beam dark-®eld images of a-Al2O3 and MgO á Al2O3

irradiated with 100 keV He� ions. No visible clusters are

seen in a-Al2O3 at 300 K up to a ¯uence of 5 ´ 1019 He�/

m2 (Fig. 6(a)). However, a high density of dot contrast

images was observed at ¯uences higher than 7 ´ 1019

He�/m2, corresponding to stage II and III (Fig. 6(b)).

The defect clusters are considered to be of interstitial

type, since the mobility of vacancies is extremely low at

300 K in a-Al2O3 [14]. At an irradiation temperature of

870 K, a high density of black/white contrast images was

observed at ¯uences corresponding to stage I, and their

density and size increased with ¯uence (data are not

shown). In the case of MgO á Al2O3 irradiated at 300 K

(Fig. 5(c)), no defect clusters were visible even at a

¯uence of 1 ´ 1020 He�/m2. For all samples studied, no

phase transformation to an amorphous state was ob-

served throughout the all ¯uences and temperatures.

These observations suggest that point defects and/or

`invisible' defect clusters by TEM are main cause for the

radiation hardening of a-Al2O3, MgO á Al2O3 and

MgO á 2.4Al2O3. A high density of `visible' dislocation

loops in a-Al2O3, on the other hand, is considered to be

less e�ective obstacles for plastic deformation than `in-

visible' defect clusters. This interpretation is consistent

with the previous report by Suematsu et al. [15,16], in

which they have shown point-defect induced hardening

and dislocation induced softening in MgO á 3.0Al2O3. It

is also worthwhile noting here that the value of hp in a-

Al2O3 at stage III (Fig. 4(a) at irradiation temperature

Fig. 5. Variations of hmax, hp and he in (a) a-Al2O3 and (b)

MgO á 2.4Al2O3 against 100 keV He-ion ¯uence at an irradia-

tion temperature of 300 K. The de®nition of hmax and hp can be

seen Fig. 1.

Fig. 6. Weak-beam dark-®eld images irradiated with 100 keV He ions: (a) a-Al2O3 at 300 K to a ¯uence of 5 ´ 1019 ions/m2, (b) a-

Al2O3 at 300 K to a ¯uence of 2 ´ 1020 ions/m2 and (c) MgO á Al2O3 at 300 K to a ¯uence of 1 ´ 1020 ions/m2.

K. Izumi et al. / Journal of Nuclear Materials 258±263 (1998) 1856±1860 1859



of 300 K) is smaller than that of the unirradiated sample,

whereas Wp shows the same value with the unirradiated

sample at stage III. This indicates that a smaller size

indentation was made at stage III in a-Al2O3 than in the

unirradiated sample while dissipating the same amounts

of plastic energy. Dislocation loops in a-Al2O3 are,

therefore, considered to not only enhance the generation

and/or multiplication of slip dislocations in stage II but

to also play a role as obstacles for work-hardening in

stage III.

It has been shown by a molecular dynamic simula-

tion study in ionic crystals [17] that both interstitials and

vacancies are responsible to volumetric expansion due to

the long range Coulomb interaction. The point defects

in ionic crystals can, therefore, be attributed to both

plastic and elastic hardening. However, the number of

interstitials retained in the form of dislocation loops is

found to be only 0.002±0.09% in neutron-irradiated

MgO á Al2O3 [18]. The exceptional high recombination

rate of point defects in spinel crystals explains no sig-

ni®cant changes in microstructure of MgO á Al2O3 at

300 K (Fig. 6(c)), and this is probably the reason

why spinel crystals do not show the remarkable hard-

ening observed in a-Al2O3 at lower ¯uences. The low

concentration of point defects in spinel crystals at

lower ¯uences can also be responsible to the stability

of elastic properties, as reported in neutron-irradiated

MgO á Al2O3 [4], leading to the di�erence in the radia-

tion hardening mechanism among a-Al2O3, MgO á
Al2O3 and MgO á 2.4Al2O3.

4. Conclusion

We have examined mechanical properties of a-Al2O3,

MgO á Al2O3 and MgO á 2.4Al2O3 irradiated with

100 keV He� ions by using the ultra-microhardness

technique. The followings are concluded in this study

from the analyses of the load±displacement curves and a

comparison of the mechanical properties with the mi-

crostructure evolution.

1. The apparent hardness, DH, of a-Al2O3 has three

stages which evolves as a function of ¯uence, whereas

DH of MgO á Al2O3 and MgO á 2.4Al2O3 increases

monotonically with ¯uence.

2. Plastic and elastic hardening are responsible to the

variation of DH of a-Al2O3, whereas plastic harden-

ing is the main hardening mechanism in

MgO á Al2O3 and MgO á 2.4Al2O3.

3. Point defects and/or `invisible' defect clusters are

more e�ective in radiation hardening rather than

the `visible' dislocation loops. The decrease in DH

of a-Al2O3 at stage II can be explained from the de-

crease in point defect concentration due to the aggre-

gation to dislocation loops. The di�erence in the

recombination rate of point defects among a-Al2O3,

MgO á Al2O3 and MgO á 2.4Al2O3 is probably the

reason for the di�erence in the hardening mechanism.
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