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Occurrence of solid noble-gas inclusions in ion-beam-implanted magnesium oxide
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Ion implantation of xenon into single-crystal magnesium oxide results in the formation of solid,
crystalline xenon inclusions. These inclusions have been investigated by transmission electron mi-

croscopy and selected-area difFraction. The solid inclusions could be divided into two categories:
those that were epitactically aligned with the matrix and those that were randomly oriented. The
formation of solid inclusions at room temperature indicates that they were under a high pressure.
This pressure was calculated to be -0.4—0.6 GPa.

The formation of solid noble-gas inclusions following
ion implantation is not a new discovery. In 1984 it was
found that noble-gas atoms implanted into metals could
be trapped in a solid form. ' A number of further obser-
vations on the nature of these inclusions have been
made. " In order to confine solid noble gases at room
temperature, the pressure must exceed 1—2 GPa. In met-
als, the structure of the noble-gas inclusions has been
found to be fcc in a fcc matrix and hcp in a hcp matrix.
The crystallites are often found, despite the sometimes
very large lattice mismatch, to be epitactic with the ma-
trix lattice.

This paper reports on solid noble-gas inclusions in a
ceramic matrix. Ion implantation of ceramic materials
has been investigated as a means of improving the hard-
ness and wear of such materials. ' The majority of previ-
ous studies have considered the implantation of A1203
with transition-metal ions (see, e.g. , Ref. 13). Implanta-
tion using noble-gas ions is of interest in studying some of
the fundamental aspects of the ion-implantation process
as these ions are immiscible with the matrix and therefore
chemical effects of ion implantation such as intermixing
are unlikely.

In this study, transmission electron microscopy (TEM)
has been used to examine the effects of ion implantation.
TEM is a powerful technique for the examination of mi-
crostructure on a nanometer scale. A problem often en-
countered when conventional methods of specimen
preparation for TEM analysis are used is the fact that the
argon ion beam used to thin the ceramic may itself in-
duce damage, which could be confused with the damage
produced by intentional ion implantation. In the present
TEM study, damage resulting from ion milling is entirely
avoided by the use of a specimen preparation technique
for the study of thin film or near-surface effects in ceram-
ic materials. ' Ion implantation is performed directly
into specially prepared electron-transparent thin-foil sub-
strates, which can then be examined immediately follow-
ing implantation. The method of preparation of such
samples has been described in detail elsewhere. ' Im-

plantation of xenon ions was performed at room tempera-
ture using an accelerating voltage of 200 keV, to a pro-
jected range of -50 nm. The ion Auence was varied from
1 X 10' ions/cm up to 2X 10' ions/cm .

Xenon was detected in samples implanted at Auences
greater than 2X10' ions/cm by the use of energy-
dispersive x-ray spectroscopy in the TEM. The physical
state of the xenon was determined by analysis of
selected-area diffraction (SAD) patterns. SAD patterns
formed using a normal exposure time (to obtain the shar-
pest matrix refiections) did not reveal any additional
reAections that could not be assigned to MgO. By form-
ing SAD patterns using a much longer exposure time ad-
ditional information could be obtained. Figure 1 shows a
SAD pattern recorded from a sample implanted at a
Auence of 5X10' ions/cm . The (020), (220), and (111)
reAections arising from MgO have been indexed and ad-
ditional reAections are indicated by 3 and B in Fig. 1.
These additional reAections were not observed in the
SAD patterns recorded from unimplanted specimens or
from specimens implanted at lower ion Auences. The
reAections of the type labeled A are aligned with the
(200) MgO refiections and are consistent with the lattice
parameter of solid xenon. A diffuse ring B is also ob-
served in diffraction patterns recorded from samples im-
planted at this level of Auence. Two possible explana-
tions have been proposed to explain the formation of this
ring pattern, which has also been observed in SAD pat-
terns recorded from metals implanted with xenon. The
ring may be due to diffraction from small xenon clusters
which are randomly oriented with a respect to each oth-
er, i.e., they give a Debye-Scherrer ring. An alternative
description has been proposed in which the ring forma-
tion is a result of xenon particles undergoing a solid-Auid
phase transformation. '

Figure 2(a) is a bright-field image of a MgO thin-foil
specimen implanted at a fluence of 2X10' ions/cm .
Roughly circular features, for example, area A in Fig.
2(a), are visible in the image; these features are up to 50
nm in diameter. A dark-field image formed using part of
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FIG. 1. Selected-area diA'raction pattern recorded from a
MgO specimen implanted with xenon at a fluence of 5X10'
ions/cm . The (020), (220), and (111) reflections from the MgO
have been identified. Additional rejections due to the xenon in-

clusions are labeled 2 and B, the significance of these reAections
is discussed in the text.

value of the pressure for the solid particles as 0.63 GPa.
This value is close to, but somewhat higher than, the
value calculated for the small particles, using Eq. (1).
The calculated pressure for the solid xenon inclusions in
MgO is lower than that calculated for solid Xe and Kr in-
clusions in metals. ' ' This is due to the larger diameter
of the particles found in this study. The reason for the
differences in the particle size may in part derive from the
fact that the bonding in a ceramic and metal matrix is
different. However, it has been found in metal matrices
that the shear modulus of the metal has a contributing
factor on the gas pressure and this could be consider-
ably larger for MgO (the shear modulus for Ni and MgO
is —79 and —103 GPa, respectively). For metals, it ap-
pears that there is a limiting size effect for the formation
of solid noble-gas inclusions. For Kr inclusions they are
solid at room temperature to a maximum size of —5

nm; this corresponds to a pressure of —2 GPa. For Xe
bubbles in Al they were found to be Quid at diameters

the ring pattern is shown in Fig. 2(b). From such images
a distribution in the size of the particles can be deter-
mined. The larger particles, for example, A in Fig. 2(b),
correspond to the features shown in Fig. 2(a). There are
also a number of much smaller particles, for example, B
in Fig. 2(b), having a diameter —10 nm. From both the
bright-field and dark-field images it can be seen that the
xenon inclusions are uniformly distributed.

The fact that solid noble-gas inclusions have been
detected by SAD at room temperature implies that they
must be under a high pressure. The equilibrium pressure
of an approximately spherical inclusion in a matrix is
given by

P, =2y/r,
where y is the interface energy per unit area and r is the
radius of the particle. For noble-gas inclusions in metals
the interface energy of the gas inclusions can be given by
the surface energy of the matrix. ' For MgO a reason-
able estimate of the surface energy is 1 J/m, ' so that the
pressure of the large inclusions can be estimated to be
-0.1 GPa. For the smaller inclusions this pressure is
-0.4 GPa. An alternative method for calculation of the
pressure, which does not rely on an estimated value of the
surface energy, is to use a calculated value of the lattice
parameter of the solid xenon from the diffraction pattern
and then to use this value, 0.602 nm, in the Birch-
Murnaghan equation of state

P =
—,'BOI( Vo/V) —

( Vo/V)' ]

X I 1+—,'(Bo —4)[( Vo/V) —1]J .

The following parameters were adopted in the calcula-
tion: the zero-pressure volume ( Vo ) used was 34.74
cm /mol, ' the molar volume ( V) of the xenon was calcu-
lated to be 32.85 cm /mol, the values for the initial bulk
modulus (Bo) and its pressure derivative (Bo ) were 10.17
and 4.0 GPa, respectively. ' This calculation gives a

FIT&. 2. (a) Bright-field image of a MgO thin-foil implanted at
a Auence of 2 X 10' ions/cm . Area 2 indicates a feature which
has been attributed to a Quid xenon inclusion. (b) A dark-field
image of the same area of the specimen shown in (a). The area
labeled 2 is the same as that in (a). The small particles, e.g. , B,
are solid crystalline xenon inclusions.
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x Mgo ) Mgo (3)

where ax, and a~gQ are the lattice parameters of Xe and

MgO, respectively. However, the lattice parameter of xe-
non determined from the diffraction pattern is smaller,
0.602 nm, thus a closer estimate of the lattice mismatch is
-43%. The lattice parameter value for Xe is for the cu-
bic structure, as it would be expected from studies in met-
als, that Xe would be cubic in the cubic MgO lattice.
With such a large lattice mismatch it would be expected
that the interface between the crystalline xenon in-

clusions and the matrix would be incoherent. This result
might be inferred by the roughly spherical shape of the
inclusions. It is still possible, however, for the interface
to be incoherent and for the faceting of the inclusions to
occur. Such faceting has been seen for solid Kr in-

clusions in Ni. The value of the xenon lattice parame-
ter calculated from xenon ion implantation in metals (see,
e.g. , Ref. 20) is smaller than that found in this present
study. The difference is due to the generally larger pres-
sures and smaller size of the solid gas inclusions in the
metal matrix. Therefore it can be seen that the lattice pa-
rameter is a function of the pressure, and that as the pres-
sure increases the lattice parameter, and therefore the lat-
tice mismatch, decreases. It might also be expected that

-25 nm. ' However, pressure-temperature studies for
bulk solid xenon have shown that at 300 K a pressure of
0.4 GPa is sufhcient to maintain the solid phase. The
small particles are thus solid, as demonstrated by the
diffraction pattern, which shows clearly defined
rejections which are consistent with the lattice parame-
ter of solid xenon. However, the larger particles, where
the pressure has been calculated to be -0.1 GPa, are
most likely Quid. This observation suggests that the ring
pattern observed in the diffraction pattern may indeed, in
part, be due to weak diffraction from fiuid precipitates,
although reAections due to misoriented solid material are
visible within the ring itself.

The lattice parameters of face-centered cubic MgO and
Xe (obtained from the Joint Committee for Powder
Diffraction Standard powder diffraction files) are 0.421
and 0.626 nm, respectively. The unconstrained lattice
misfit (5) can be calculated from relationship (3) to give a
value of -49%:

the interface energy will actually depend on the pressure
in the particle through its inAuence on ax, . Further
studies of the precipitate-matrix interface are in progress
using high-resolution electron microscopy.

It is interesting to consider the possible effect, if any, of
these inclusions on the mechanical properties of MgO fol-
lowing implantation. The implanted material represents
a two-phase material and often hardness increases are ob-
tained by formation of a two-phase microstructure as in
the case of ZrOz-toughened AlzO~ or other composite
ceramic materials. The bulk modulus of solid xenon is
low' and therefore it will easily be deformed under ap-
plied stress. Also, a propagating crack impinging on a
xenon inclusion will release the matrix constraint on the
inclusion. The solid will then vaporize, resulting in a
two-phase material where the second phase is a void.
This situation represents the limiting case for a two-phase
material, where one phase has zero stiffness. It differs
from other composites in that the elastic properties of the
"inclusion" phase drastically change when a crack actu-
ally penetrates the "particle. " An important considera-
tion will also be the nature of the precipitate-matrix in-
terface, as it is this interface that often controls the na-
ture of crack propagation.

In conclusion, xenon inclusions in a MgO matrix have
been detected following ion implantation. These in-
clusions range from 10 to 50 nm in diameter. The small
particles have been determined to be solid at room tem-
perature. The presence of a solid noble gas at room tem-
perature necessitates that they are under a high pressure,
which, in the situation described here, has been calculat-
ed to be 0.4—0.6 GPa. The pressure of the larger particles
is -0.1 GPa, indicating that they are almost certainly
Quid at room temperature. A proportion of the solid par-
ticles are epitactic with the matrix as determined by an
examination of the SAD patterns.
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