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Abstract
Ion-irradiation response of spinel single crystals was investigated using a

nanoindentation technique. Specimens of stoichiometric (n=l) and non-stoichiometric
(n=2.4) single crystals of MgO nA1203) spinel were iadiated with 60keV Cu- ion at room

2temperature. Dose rate ranged from to 100 RA/crn and a total dose was kept constant at
3x,016 ionS/CM2 . Both plastic hardness and elastic modulus of all the iadiated specimens
were softened. Radiation-induced swelling simultaneously occurred. Rutherford back
scattering spectroscopy detected disordering of spinel crystalline structure. Accordingly, the
radiation-induced softening and swelling are ascribed to accumulation of point defects
associated with the disordering. In comparison between the stoichiometric and the
non-stoichiometric specimens, the radiatioin-induced softening is suppressed in the
non-stoichiometric composition.

Keywords: MgO nAI203) spinel, ion-irradiation, mechanical properties, nanoindentation,
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1. Introduction
Magnesium aluminate spinel MgO nAI203 has great potential of application to fusion

reactors as an insulating and dielectric material because it exhibits high resistance to radiation
damage with high-energy particles [1-5]. Many studies have been performed on the
microstructural characterization in order to reveal a response to neutron or ion iadiation and
to understand the mechanism of the high resistance to radiation damage 617]. The
mechanical property is one of important issues for using the materials safely in a fusion
environment. However, only a few studies have been performed on mechanical
characterization of neutron- or ion-iffadiation layers for spinel [11, 19-21]. Particularly, in
the case of the ion iadiation a damaged layer exists within a sub-micron depth, and
therefore conventional tests are not applicable.

Recent progresses in depth-sensing nanoindentation technique have made it possible
to probe mechanical properties of materials in a anometer scale 22-26], and the damaged
layer of sub-micron thickness can be directly evaluated. Some studies were carried out on
measurements for ion-iffadiated spinel by nanoindentation technique to reveal relationship
between microstuructural change and hardness shift. Devanathan et al. [11] reported that
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both hardness and Young's modulus increased in the lower dose stage corresponding to
metastable phase, subsequently decreased in the higher dose of amorphous phase irradiated
with Xe 2, ion under cryogenic condition. zumi et al. 21] showed that the stoichiometric
and non-stoichiornetric spinel exhibited a radiation hardening in the fluence range from
2.4xlO'8 to 2.Ox 1020 He /M2 at temperatures from 300 to 870 K. Further systematic studies
are necessary to clarify the whole behavior of irradiation response in mechanical properties
for spinel. In the present study, nanoindentation techniques are applied to ion-irradiated
spinel in order to reveal the mechanical properties, and then we consider the effects of
stoichornetry and dose rate. Relationship between the mechanical properties and
microstructures are discussed.

2. Experimental
Single crystal wafers of stoichiometric (n=l) and non-stoichiometric (n=2.4)

MgO nAI203 spinel were employed. Samples were cut into 15 mm diameter and mm
thickness and one side of each was polished in mirror finishing to be prepared for ion
irradiation. A part of sample surface was masked in order to prevent the samples from
elevating temperature. Ion iadiations were conducted with 60 keV Cu- ions at room

2temperature. Dose rates ranged from to 100 IAA/cm and total dose were kept constant at
N1016 ionS/CM2, which corresponds to peak damage of about 23 displacements per atom
(dpa)-

Nanoindentation tests were carried out on the irradiated surfaces using Hysitron
Triboscope with a Berkovich type diamond indenter. Indenter tip truncation was calibrated
by the area function method 26]. Elastic modulus and plastic hardness were calculated by
initial unloading stiffness analysis 25,261. The elastic modulus Er is expressed as

-1 _V,2
Er =

E�,

which is based on the Hertz contact theory of

2
E'_ = Er -1+ 1-Vi (2)

Ej

where E* is a composite elastic modulus, E and v are Young's modulus and Poisson's ratio,
respectively. The subscripts s and i represent sample and indenter, respectively. Thermal
drift rate in a tip displacement was measured prior to each test, and then penetration depth
was corrected assuming the rate to be constant during testing period of about 10 seconds.
Typical drift rate was less than 0.1 nrn/s. Peak load ranged from 20 to 1000 [LN, and tests
were conducted under the same condition at different positions on the specimen surface.
Step height at the masked/exposed boundary was measured with atomic force microscopy to
study a swelling behavior. Rutherford backscattering spectroscopy was carried out to
characterize the lattice disordering.
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3. Results and Discussion
3.1 Radiation response ofp1astic hardness and elastic modulus

Typical load-displacement curves for the stoichiometric specimens of three different
irradiation conditions are shown in fig. 1. Two curves for each sample are simultaneously
plotted. As shown in the figure, the two curves of the same sample coincide with each other
and are deviated within less than I nm or so. Therefore, the difference in P-h curves among
the different irradiation conditions is meaningful. The irradiated samples show the deeper
maximum penetration depth than that of non-irradiated one, indicating a significant
irradiation-induced softening. Additionally, the penetration depth is larger for a sample of 3

2 2VA/cm than for that of 100 RA/cm showing the softening behavior depends on the dose
rate.

One of the most important quantities in evaluation of mechanical properties by
indentation technique is a ratio of the damaged layer thickness to penetration depth
corresponding to the deformed zone beneath the indenter. The depth profile of damage
calculated by TRIM code is shown in fig. 2 The profile of Cu atomic density, which is for
implanted ions, is also shown as a reference. The depth of damage peak is about 10 mn, and
the maximum depth can be estimated to be about 55 mn.

In order to reveal the depth dependence of hardness in the damaged layer, various
peak load tests were made, and then calculated hardness was plotted as a function of
penetrated contact depth of the indenter in fig. 3 The plotted data represent the depth

2dependence for a non-stoichiometric (n=2.4) sample iadiated at a dose rate of 10 VA/cm 
The peak load ranges from 20 to 1000 RN and corresponding contact depth ranges from to
40 mn. The hardness is almost constant in the depth range shallower than 10 mn. In the
further deep range, the hardness increases with increasing contact depth and gradually
approaches the value of the non-irradiated specimen. The depth dependence of the hardness
is due to an influence by the non-damaged hard substrate, and the constant hardness in the
depth range shallower than 10 nm shows the hardness of damaged layer only. In a case of
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Fig. I Typical load-displacement curves for Fig. 2 Depth profile of damage calculated by
stoichiometric (n=l) magnesium aluminate TRIM code and Cu atomic density for
spinel single crystals. stoichiometric sample.
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layer-structured specimens, such as thin films or coatings, a critical penetration depth of
existing of substrate constraint is 115 - 16 of film thickness 271. The ratio of the critical
depth of 10 nm and damaged depth of 55 nm coincides with the value in the literature.
Therefore, the hardness in the penetration depth of about 10 nm is hereafter employed as
hardness of damaged layer for all the samples. Hardness for the stoichiometric (n=l) and the
non-stoichiometric (n=2.4) samples are plotted as a function of the dose rate in fig. 4 The
data of a non-iffadiated sample are also plotted. All the irradiated samples show lower
hardness than those of non-iffadiated ones, indicating significant irradiation-induced softening.
Comparing the stoichiometric sample with the non-stoichiometric one, the former shows
lower hardness in the entire dose-rate range except I RA/crn 2. The dose rate dependence of
hardness for both the stoichiometric and non-stoichiometric samples shows a zigzag manner
especially for stoichiometric one.

Elastic modulus is plotted as a function of maximum penetration depth in fig. .
The elastic modulus increases with increaseing the maximum penetration depth in the whole
depth range of 50 nm. Therefore, the data of even 20 RN peak load may be affected by
hard substrate, and it is hard to determine the critical depth of influence of substrate.
However, the data in the relatively shallow depth of 10 nm or so is considered to represent
certain elastic properties of the damaged layer and qualitative is possible. Accordingly, the
data of around 10 nm penetration depth, which is the same condition as in the case of the
plastic hardness, is employed as an elastic modulus of the damaged layer.

Figure 6 shows elastic modulus represented as a function of the dose rate. These
behaviors are similar to the plastic hardness as shown in fig. 4 Distinct irradiation-induced
depression of elastic modulus occurs. The value is lower for stoichiometric samples than for
those of non- stoichiometric ones. The dose rate dependence shows a zigzag behavior. In
order to consider the softening mechanism, the hardness normalized by elastic modulus is
shown in fig. 7 The HIE, values are regarded as almost constant in the range of 1-10

2RA/cm . Considering that the elastic moduli may be estimated to be larger than the true
value because of the hard substrate (as previously mentioned in fig. 5), they might be closer to
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Fig. 3 Calculated hardness in various peak Fig. 4 Dose rate dependence of hardness of
loads as a function of penetrated stoichiometric and non-stoichiornetric
contact depth. sample.
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Fig. 5 Calculated elastic modulus in Fig. 6 Dose rate dependence of elastic
various peak load as a function of modulus of stoichiometric and
maximum penetration depth. non-stoichiometric sample.

the non-irradiated one. The increase in 100 0.15 k\

VA/cm 2, however, is open for question. Peak Load: gN

Additionally, the difference between n=1 and non-irrad

2.4 is smaller than those in cases of fig. 4 and 0.1 n=1.0

6. These results suggest that the LL�

irradiation-induced softening of plastic

hardness is partly due to the depression of

elastic modulus, because the resistance to 0.05

plastic deformation in ceramics is generally n=2.4

dominated by intrinsic factor such as Peierls I I I

stress, which depends on a shear modulus. 0 0 1 1 0 100

Dose rate M/CM2

3.2 Microstructural analysis Fig. 7 Dose rate dependence of hardness
Irradiation-induced swelling behavior normalized by elastic modulus of

was revealed by measuring step-height at stoichiometric and
masked/exposed boundary. Fig. shows the non-stoichiometric sample.

step-height versus dose rate for stoichiometric

and non-stoichiometric samples. Large step-height means large volume expansion of

swelling. As shown in this figure, the dose rate dependence is in a zigzag manner, which is

similar to hardness and elastic modulus shown in fig. 4 and 6 respectively. The most

important point is that the larger swelling at dose rate of 3 or 100 [A/cm 2 and the smaller

swelling at or 10 VA/cm 2 well correspond to the lower and the higher elastic modulus,

respectively. In addition, the step-height is larger for stoichiometric samples than that of

non-stoichiometric ones, and the zigzag amplitude of each of hardness, elastic modulus, and

step-height is larger for stoichiometric samples than those of non-stoichiometric ones. These

results suggest that the irradiation-induced depression of elastic modulus is due to swelling

associated with accumulation of voids and vacancies, which causes a reduction of atomic

density. The relatively high resistance to radiation damage of non-stoichiometric samples is
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due to that point defect annihilation by 120

interstitial-vacancy recombination occurs
more significantly in the non-stoichiometric 100 

sample because the non-stoichiometric 80 n=1 0

sample have a large amount of structural
SM

vacancies, as previously suggested in VU

literature [181. CL

!! 40 -
Fig. 9 represents RBS results for U) =2.4

the stoichiometric and non-stoichiometric 20 0 0
2samples iadiated at 3 [tA/cm The 0

spectrum of irradiated, aligned sample I 1 0 100
shows peaks of Al at 550 and at 350 Dose rate (pA/c M 2)

channel, indicating that the disordering of Al Fig. Relationship between step-height at the
cation and 0 anion site in the spinel masked/exposed boundary corresponding
structure. The disordering behavior to swelling and dose rate of stoichiometric
coincides with previous studies 18,191, and non-stoichiornetric samples.

especially under irradiation condition at
room temperature [121. Particularly, n=1, UAI=2

Al-cation disordering is more significant to 600

be almost amorphized for stoichiometric I:non.-implantation, aligned
2: as-implanted, aligned

samples, unlike non-stoichiometric ones. 3 3: as-wimplanted, random

Accordingly, irradiation-induced reduction 400 0

of elastic modulus associated with swelling CU
S) Mg

is due to accumulation of point defects of Al 2 Al

cation and anion disordering. Li et al. 200

[201 have shown that the change in cation
occupation sites have little influence on the
elastic properties of neutron irradiated spinel.
Therefore, the depression of elastic modulus 200 400 600 800

Channel
detected in the present study is considered to n=2.4,3 WCM2

be due to anion disordering because a
fraction of 0 anion sites is twice larger than 800 1: non-mimplantation, aligned

2: asAmplanted, aligned
that of Al cation sites in the magnesium 3: as-Arnplanted, random

aluminate spinel. 600 0

Mg CU
4. Conclusions Al

Mechanical properties of 2 11-41 4

magnesium aluminate MgO nA1203 spinel 200

single crystals iadiated with Cu ions were I

investigated by nanoindentation technique.
Microstructural characterization of swelling 0 200 400 600 800

and lattice disordering was also made. The Channel

relationship between mechanical properties Fig. 9 Ion channeling spectra for (a) stoichiornetric,
and microstructure is considered. n=l and (b) non-stoichiometric, n2.4 spine]

single cr_�stals. The irradiation dose rate is
Following conclusions are obtained in the 3 VA/cm 

- 292 -



JAERI-Conf 2003-001

present study:
(1) Irradiation-induced softening of plastic hardness and depression of elastic modulus occur
for both stoichiometric and non-stoichiometric compositions even under the irradiation at
room temperature.
(2) Since the dose rate dependence of swelling well corresponds to that of the elastic modulus,
the irradiation-induced depression of elastic modulus is due to the swelling associated with
accumulation of voids and vacancies, which causes reduction of atomic density.
(3) RBS analysis revealed site disordering of Al cations and anions. Particularly, Al
disordering in stoichiometric samples is significant and arnorphization almost occur.
Therefore, the swelling behavior is associated with accumulation of point defects of Al cation
and anion disordering.
(4) The hardness and elastic modulus of damaged layer are higher for non-stoichiornetric
samples than for stoichiometric ones in the dose rate higher than 3 RA/cm 2. This is be due to
that point defect annihilation by interstitial-vacancy recombination is significant in
non-stoichiometric sample.
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