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a b s t r a c t

Magnesium stannate spinel (Mg2SnO4) was synthesized through conventional solid state processing and
then irradiated with 1.0 MeV Kr2+ ions at low temperatures 50 and 150 K. Structural evolutions during
irradiation were monitored and recorded through bright field images and selected-area electron diffrac-
tion patterns using in situ transmission electron microscopy. The amorphization of Mg2SnO4 was
achieved at an ion dose of 5 � 1019 Kr ions/m2 at 50 K and 1020 Kr ions/m2 at 150 K, which is equivalent
to an atomic displacement damage of 5.5 and 11.0 dpa, respectively. The spinel crystal structure was
thermally recovered at room temperature from the amorphous phase caused by irradiation at 50 K.
The calculated electronic and nuclear stopping powers suggest that the radiation damage caused by
1 MeV Kr2+ ions in Mg2SnO4 is mainly due to atomic displacement induced defect accumulation. The radi-
ation tolerance of Mg2SnO4 was finally compared with normal spinel MgAl2O4.

Published by Elsevier B.V.
1. Introduction

There is an increasing inventory of radioactive nuclear waste
from both spent nuclear fuels and weapon programs, such as plu-
tonium and minor actinides. Inert matrix (IM) materials are pro-
posed to dispose the radioactive materials and to generate
electricity in a safe and ecological manner [1,2]. The prototype spi-
nel compound, magnesium aluminate (MgAl2O4), has attracted
much attention as a potential IM material due to its good stability
against ballistic displacements caused by neutron or low energy
ion irradiation [3–7]. It has been reported that the amorphization
dose of MgAl2O4 under irradiation of 1.5 MeV Xe+ ions at 30 K is
equivalent to 35–40 displacement per atom (dpa) [8]. The mecha-
nisms underlying the radiation resistance of the spinel structure
have been determined as cation disorder (anti-site defects) [9]
and interstitial–vacancy (i–v) recombination [10]. Moreover, MgA-
l2O4 is a complex oxide compound with two types of cations in
the structure. It has been suggested that this multi-component
chemistry suppresses the nucleation and growth of interstitial dis-
location loops during irradiation [4]. However, MgAl2O4 swells in
in-pile irradiation tests, which excludes it from utilization as an
IM material. Recent studies suggest that the swelling may be
attributed to fission fragment induced damage and amorphization
[11–13], but the mechanisms are not well understood. Other spinel
compounds may exhibit good irradiation resistance to both ballis-
tic displacement and fission fragment damage, thus the radiation
B.V.
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behavior of compounds with spinel crystal structure is worth fur-
ther investigation.

Wang and his co-workers [14] have compared the irradiation
stability of several X2YO4 compounds with olivine and spinel struc-
ture. It has been found that the compounds with spinel structure in
general are more irradiation ‘‘resistant” than the olivine com-
pounds; and among the irradiated spinels, MgAl2O4 is more ‘‘resis-
tant” than FeCr2O4 and c-SiFe2O4. The irradiation behavior of some
other spinel compounds, such as MgCr2O4, ZnAl2O4, ZnFe2O4,
MgFe2O4, NiFe2O4, Fe3O4, MgGa2O4, and MgIn2O4, has also been
studied either experimentally or theoretically using computer sim-
ulation [15–21]. In search for potential irradiation ‘‘resistant” spi-
nel compounds, magnesium stannate (Mg2SnO4) was selected in
this work and its irradiation stability was assessed for a screening
type of study.

The existence of the stable phase Mg2SnO4 has been described
by several authors, and dense polycrystalline Mg2SnO4 can be
achieved by sintering at 1873 K [22–25]. Mg2SnO4 has a similar
crystal structure to MgAl2O4 with the same space group No. 227
(Fd�3m). The tetravalent Sn ions are located only at octahedral sites;
while one half of the divalent Mg ions occupy octahedral sites, and
the other half occupy tetrahedral sites. The Sn ions and Mg ions at
octahedral sties are arranged in a systematical disorder. Sn has a
low neutron absorption cross section (0.626 � 10�28 m2), which
is desirable for IM materials. Moreover, the atomic weight of Sn
is 118.710 g/mol and the ionic radius of Sn4+ (VI) is 0.69 Å [26],
which makes Sn a much heavier and larger ion than Al3+ (VI). Since
the main barrier to the motion of target atoms out of their original
lattice positions and result in damage tracks is the existence of
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neighboring target atoms which are simply in the way, the com-
pound with the same crystal structure but bigger and heavier
atoms may be less susceptible to swift heavy ion damage. The in-
verse spinel structure also makes Mg2SnO4 interesting to study be-
cause very little is know about the irradiation stability of inverse
spinel experimentally.
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2. Experimental procedure

2.1. Specimen preparation

Mg2SnO4 samples were synthesized by calcining MgO (Cerac
Inc. 99.95%) and SnO2 (Alfa Aesar 99.9%) powder stoichiometrically
at 1473 K for 12 h through conventional solid state processing. The
obtained powder was loaded into a 13 mm punch and die-set and
pressed into a cylindrical green pellet using Carver cold uniaxial
press, and subsequently sintered in air at 1823 K for 24 h. The
TEM specimens for in situ ion irradiation were prepared by crush-
ing the ceramic samples or using focused ion beam (FIB). Using the
former method, the calcined Mg2SnO4 powder was crushed in eth-
anol using a small agate mortar and pestle, and the suspension was
subsequently dropped onto a carbon coated copper grid. Using the
latter method, an electron transparent lamella was prepared with
an FEI Strata DB 235 FIB/SEM dual-beam system. An auto-FIB script
for TEM sample preparation was used and the sample was ion-
milled until the desired thickness of �200 nm was achieved. The
specimen was then cut free and lifted out ex situ using an optical
microscope and micromanipulators.

2.2. In situ ion irradiation and characterization

The irradiation tests and characterization were carried out at
the IVEM-Tandem facility in the Electron Microscopy Center
(EMC) at Argonne National Laboratory (ANL). Kr ions were used
as the irradiation source, and were double-charged and accelerated
to 1 MeV using a 650 kV NEC Ion Implanter. The irradiation tests
were performed at cryogenic temperatures (50 and 150 K), using
a liquid-helium-cooled cold stage. The temperature was monitored
using a thermocouple attached to the sample holder near the sam-
ple position. In situ characterization was performed on a HITACHI
H-9000NAR electron microscope operated at 300 kV. The electron
beam traveled vertically down through the specimen and the irra-
diating ion beam was incident on the specimen at 30� to the verti-
cal. TEM samples were irradiated at a dose rate between 1014 and
1016 Kr2+ ions/m2/s. Periodically during the irradiation, the ion
beam was shut off and the specimens were inspected in situ so that
bright field (BF) images and selected-area electron diffraction
(SAED) patterns could be recorded. The chemical compositions of
TEM specimens were determined ex situ at room temperature
using energy dispersive spectroscopy (EDS) on JOEL 2010F TEM
in the Major Analytical Instrumentation Center (MAIC) at the Uni-
versity of Florida.
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Fig. 1. TRIM simulations of total target atom displacements (averaged over all
sublattices of the material) in dpa, and the concentration of implanted Kr ions, in
Mg2SnO4 spinel as a function of target depth, for irradiations using 1 MeV Kr2+ ions.
Values on the ordinates are normalized to a fluence of 1 � 1019 ions/m2. TRIM
simulations based on 10,000 ions.
3. Results and discussion

3.1. TRIM based calculation

The average penetration depth of 1 MeV Kr2+ in Mg2SnO4 was
calculated using the program TRIM-2008 (transport of ions in mat-
ter) [27]. The projected range of 1 MeV Kr2+ ions in Mg2SnO4 is
about 370 nm, with a longitudinal straggling (defined as the square
root of the variance, which is an average of the square of the devi-
ations of the ion ranges from the mean projected range) of about
103 nm. Only the grains with grain size at or less than �200 nm
were chosen to be characterized for irradiation stability. The irradi-
ation damage profile and ion implantation concentration as a func-
tion of target depth are plotted in Fig. 1. The TRIM calculation
results indicate that at sample depths between 100 and 300 nm,
the atomic displacement damage ranges from about 1.0 to
1.2 dpa per 1019 Kr2+ ions/m2, averaged over the sublattices of spi-
nel. A threshold energy for displacement is assumed to be 40 eV for
Mg, Sn, and O based on values published in literature [28]. As indi-
cated in Fig. 1, the concentration of implanted Kr ions at depth of
200 nm is about 0.0135 at% at ion fluence of 1019 Kr2+ ions/m2.
For the maximum fluence used in this experiment, the implanted
Kr concentration is about 0.135 at% at depth of 200 nm.

3.2. Irradiation of Mg2SnO4 at 50 K

The FIB prepared Mg2SnO4 specimen was irradiated by 1 MeV
Kr2+ ions to a maximum fluence of 5 � 1019 ions/m2 at 50 K. A BF
image of the entire specimen before irradiation is shown in
Fig. 2(a). The specimen is a 15 � 6 lm electron transparent lamella
with a thickness of � 200 nm. The dark strip on one side of this la-
mella is Pt, a foreign material that was coated to protect the surface
of the sample from ion damage. The hole in the lamella originated
from a pore inside the sintered Mg2SnO4 pellet. Two SAED patterns
were recorded for areas b (0.1 dpa) and c (0 dpa) in the BF image
and are shown in Fig. 2(b) and (c). The specimen was slightly tilted
so that the electron beam direction was [114] for area b and [125]
for area c. Fig. 2(d) shows a BF image of the specimen after irradi-
ation by 1 MeV Kr2+ ions at an ion fluence of 5 � 1019 ions/m2. It
can be seen that the amorphous carbon film was extensively dam-
aged by ion irradiation. Fig. 2(e) and (f) show the SAED patterns for
areas e and f in the BF image after irradiation, which are the same
locations as areas b and c in Fig. 2(a). As shown in Fig. 2(e) and (f),
no diffraction spots can be seen, which indicates that the specimen
was completely amorphisized. The BF image shows less contrast
than the unirradiated sample, with the grain boundaries fading
or disappearing. While the SAED patterns recorded at lower
ion doses (1018 ions/m2, 2 � 1018 ions/m2, 5 � 1018 ions/m2, 1019

ions/m2 and 2 � 1019 ions/m2) are not shown here, all of them
show diffracted spots or diffused spots, suggesting that the speci-
men was not completely amorphisized at those ion fluences. Be-
sides the two monitored areas, several grains of the specimen
were examined at the ion influence of 5 � 1019 ions/m2, and none
of them showed diffraction spots. Therefore, the critical amorph-
ization dose for Mg2SnO4 at the cryogenic temperature 50 K can
be concluded as 5 � 1019 ions/m2, which corresponds to an atomic
displacement dose of approximately 5.5 dpa at a depth of
�200 nm.



Fig. 2. FIB prepared Mg2SnO4 specimen: (a) BF image of the specimen before irradiation, (b) SAED pattern for area b, (c) SAED pattern for area c, (d) BF image of the specimen
irradiated by 1 MeV Kr2+ to fluence of 5 � 1019 Kr2+ ions/m2 (5.5 dpa), (e) SAED pattern for area e, and (f) SAED pattern for area f.
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The liquid helium was released after irradiation and the speci-
men was warmed up to room temperature. The specimen was
examined again using TEM on the next day in order to study the
thermal annealing effects. Fig. 3(a) shows a BF image of the irradi-
ated specimen at room temperature. The specimen was tilted in or-
der to align the electron beam near zone axis for areas b and c in
the BF image, which match the same locations as shown in
Fig. 2. The SAED patterns were recorded and are shown in
Fig. 3(b) and (c), which can be indexed as spinel Mg2SnO4 along
[001] zone axis. The results indicate that the spinel crystal struc-
ture was formed at these regions, suggesting that annealing at
room temperature is effective in thermally recovering the spinel
crystalline phase from the fully amorphous Mg2SnO4. The emer-
gence of grain boundaries in the BF image confirms that the an-
nealed specimen is a polycrystalline material.

Nevertheless, a thin layer of �600 nm in width was observed
on the side of the sample (shown in Fig. 3(a)) after the irradiation
and annealing. A BF image recorded for the area d (see Fig. 3(d))
shows a heterogeneous microstructure. Chemical analysis was
performed using EDS and the collected spectra for areas e and f
are shown in Fig. 3(e) and (f). The ion source of the FIB, Ga,
was detected throughout the sample. Ga ion implantation and
structural damage caused by FIB in the TEM sample preparation
is a typically problem even though Ga ions travel at glancing an-
Fig. 3. The Mg2SnO4 sample irradiated by 1 MeV Kr2+ at a fluence of 5 � 1019 Kr2+ ions/m
(b) SAED pattern for area b, (c) SAED pattern for area c, (d) BF image of area d, (e) EDS
gles of <1� on sample surface [29]. Semi-quantitative EDS analysis
reveals that area e is a Sn depleted region with an atomic ratio of
Mg to Sn about 20, and the dark precipitate at area f is a Sn rich
region, with an atomic ratio of Mg to Sn about 1.7 (slightly lower
than the expected 2:1 stoichiometry). Fig. 4 shows a SAED pattern
recorded at the area d, where a polycrystalline ring pattern was
obtained and can be indexed as MgO. Some diffraction spots can-
not be identified as MgO, indicating that other crystalline phases
are also present. The specimen was also annealed at 573 K for
0.5 h in a conventional oven but no significant change was ob-
served. The formation of this segregation layer is not clear at this
moment. Wang and his co-workers [14] have found spinel c-Si-
Fe2O4 first becomes amorphous and then crystallizes into Fe3O4

and SiO2 under continued Kr+ irradiation at 873 K, and they
attributed it to the high pressure metastable phase of -SiFe2O4.
However, this is unlikely the case for Mg2SnO4 because the ther-
mal recovery of spinel structure was achieved elsewhere and con-
firmed by SAED patterns as shown in Fig. 3. This segregation layer
could be the result of surface contamination by implanted Ga+

ions during FIB preparation. It may also be formed during irradi-
ation as a result of differential Mg and Sn sputtering followed by
non-stoichiometric crystallization at room temperature. Further
investigation is needed to elucidate the formation of this segrega-
tion layer.
2 at 50 K and structure was thermally recovered at room temperature: (a) BF image,
spectra of area e and (f) EDS spectra for area f.



Fig. 4. SAED pattern recorded on the segregation layer. A ring pattern from
polycrystalline materials is obtained and can be index as crystalline MgO. Several
diffraction spots are not located on the rings, indicating other crystalline materials
are also present.
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3.3. Irradiation of Mg2SnO4 at 150 K

Crushed Mg2SnO4 grains were irradiated at 150 K and six ran-
domly orientated grains or grain clusters were chosen and moni-
tored. The random orientations were chosen to avoid the
potential effects of ion channeling. The SAED patterns were re-
corded at ion fluences of 0, 1019, 5 � 1019 and 1020 Kr ions/m2

and a series of patterns for a grain cluster are shown in Fig. 5.
The orientation of grains usually changes after ion irradiation,
which is probably due to buckling of the carbon film as a result
of ion-induced breakdown of formvar which comes from the film
fabrication [30]. The presence of diffracted spots in the SAED pat-
terns in Fig. 5(b) and (c) indicates that the specimen was not com-
pletely amorphized at those ion fluences. The diffraction spots
vanished finally at an ion fluence of 1020 ions/m2, which is equiva-
lent to an atomic displacement damage of about 11.0 dpa for grains
with a diameter of�200 nm. The specimen was translated and sev-
eral other grains were examined using SAED after the final ion
dose. It was observed that approximately one out of five grains
was not amorphous and still retained crystallinity. A similar case
was also reported by Smith and his co-workers [30]; and the grains
that cannot be amorphisized are referred to as outliers. Several
possible explanations are given in Smith’s paper [30] for the exis-
tence of outliers, but the most likely scenario in this case is that the
elevated temperatures due to poor thermal connection between
the outliers and the carbon film cause annealing of irradiation
damage [31]. Therefore, the outliers were not considered in deter-
mining the amorphization dose, which was then concluded to be
11.0 dpa for Mg2SnO4 at 150 K.
Fig. 5. SAED patterns of the crushed Mg2SnO4 grains irradiated at 150 K: (a) prior to
ion irradiation and (b)–(d) following exposure to 1.0 MeV Kr2+ ions to fluences of
1019 (1.1 dpa), 5 � 1019 (5.5 dpa), and 1020 (11.0 dpa) Kr2+ ions/m2, respectively.
Since defects created by ion irradiation can be annihilated by
the thermal annealing process, the irradiation stability of a mate-
rial is expected to be improved at elevated temperatures [32]. As
a result, the amorphization dose should increase with irradiation
temperatures because the thermal annealing becomes more effi-
cient in restoring crystallinity. The temperature dependence of
amorphization is a result of the competition between amorphiza-
tion and recovery processes. It is worth noting that the geometries
of the samples irradiated at 50 and 150 K are different: the one
irradiated at 50 K is a thin slab cut out from a sintered polycrystal-
line Mg2SnO4 using FIB and the one irradiated at 150 K are a bundle
of crushed particles. Nevertheless, the amorphization dose for
Mg2SnO4 increases from 5.5 to 11.0 dpa as the irradiation temper-
ature increases from 50 to 150 K, regardless the geometry of the
specimens.

3.4. Irradiation damage mechanism of Mg2SnO4 by 1 MeV Kr2+

It is known that the energy loss of energetic ions in target atoms
is mainly due to electronic scattering and nuclear scattering [33].
The partitioning of energy transferred into electronic scattering
and nuclear scattering is an important process controlling the ef-
fect of irradiation [34]. In order to study the irradiation damage
mechanisms of 1 MeV Kr2+ ions in the inverse spinel Mg2SnO4,
the electronic and nuclear stopping powers were calculated using
TRIM computer simulations and the results are presented in
Fig. 6. It is shown that the electron stopping power, (dE/dX)e (the
peak value �1.5 keV/nm/ion at the sample depth of 200 nm), ex-
ceeds the nuclear stopping, (dE/dX)n (the peak value �1.0 keV/
nm/ion at the sample depth of 300 nm), except at the end of range
of ions. The results indicate that both nuclear (ballistic) scattering
events and electronic (ionization) scattering events play important
roles on the ion-solid interaction. Since fission tracks have not been
observed and the deposition rate for the electronic scattering is
only above 1 keV/nm, the Coulomb explosion and thermal spike
are not likely to be the dominant damage mechanisms even though
the electronic stopping power exceeds the nuclear stopping power
[35,36]. As a result, the major damage mechanism is the atomic
displacement induced defect accumulation.

3.5. Irradiation tolerance of Mg2SnO4

Since most studies have focused on the irradiation behavior
of MgAl2O4, the critical amorphization doses for other spinel
compounds are not well known. It has been reported that the
amorphization dose is �4 dpa for FeCr2O4 at 20 K and 0.2 dpa for
c-SiFe2O4 below 723 K [14]. Mg2SnO4 exhibits a moderate irradi-
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ation resistance against ion damage at intermediate energies (typ-
ically a few MeV), but the ability to annihilate atomic displacement
induced defects is not as good as the normal spinel MgAl2O4

[8,14,37].
There are several factors which could explain the different irra-

diation resistances of Mg2SnO4 and MgAl2O4. The first consider-
ation is the atomic arrangement in the structure and cation
inversion. Based solely on structural considerations, recovery of
damage will be better in an isotropic crystal compared with an
anisotropic one [17]. Similar to other inverse spinel compounds,
Mg2SnO4 has a random distribution of Mg2+ and Sn4+ cations on
the octahedral sites, which contributes to changes in bond lengths
locally in the structure and results in some degree of anisotropy.
Computer simulations have been done to study the irradiation re-
sponses of different spinel compounds with varying inversion
including the normal MgAl2O4, the half-inverse MgGa2O4 and the
fully inverse MgIn2O4 [17,18]. Bacorisen and co-workers [17] have
used molecular dynamics (MD) to simulate collision cascades and
found out that the irradiation induced damage to the structure is
more extensive for the fully inverse MgIn2O4 compared with the
other two. Uberuaga and co-workers [18] have used temperature
accelerated dynamics (TAD) to simulate and characterize the kinet-
ics of defects for the same three spinel oxides in order to study the
cation ordering effects. It is concluded that the cation disorder
greatly complicates and inhibits the motion of point defects
through the spinel structure, which leads to defect accumulation
and less irradiation tolerance. Nevertheless, it might be misleading
to correlate the irradiation behaviors purely with inversion be-
cause many other factors may also have large effects on irradiation
tolerance.

The second consideration is the chemical bond effects. Trache-
nko and co-workers [38] have found that the irradiation stability
is governed by the ionicity of bonding, with higher ionicity leading
to more stable materials under irradiation. The ionicity of a chem-
ical bond can be estimated using Pauling’s electronegativity and
indicated by the difference of electronegativity between a cation
and an anion [39]. The relative electronegativities determined by
Pauling for Mg, Sn (IV), Al and O are 1.31, 1.96, 1.61 and 3.44,
respectively. The electronegativities were further modified by
Batanov [40] for crystalline compounds with a consideration of
the valence state and the coordination of atoms, and the obtained
values for Mg, Sn (IV), Al and O are 0.8, 2.0, 1.4 and 3.2, respec-
tively. The difference of electronegativity between Sn and O is
smaller than Al and O and also smaller than Mg and O, suggesting
that the covalency of hSn–Oi bond is higher than hAl–Oi and hMg–
Oi, and Mg2SnO4 is more covalently bonded than MgAl2O4.
Similarly in pyrochlore stannate compounds, high covalency of
hSn–Oi bond has also been found both experimentally using
neutron and X-ray diffraction and theoretically using density func-
tional theory (DFT) computer simulation [41–44]. Therefore, the
high covalency of hSn–Oi bond in Mg2SnO4 may cause the structure
more susceptible to irradiation damage than MgAl2O4.

The third consideration is cation defect formation ability. It has
also been shown that irradiation tolerance of complex oxide com-
pounds is dependent on the ability to accommodate cation disor-
ders [9]. Sickafus and co-workers [45] have observed a significant
amount of cation disorders in the normal spinel MgAl2O4 upon
neutron exposure in excess of 50 dpa at 670 K. The ability to
accommodate cation disorders can be inferred from the cation
antisite defect energy, which mainly depends on the difference in
cation radii. In normal spinel MgAl2O4, the ionic radii of Mg2+ at
tetrahedral sites and Al3+ at octahedral sites are 0.57 and 0.535 Å,
respectively. In the inverse spinel Mg2SnO4, the ionic radii of
Mg2+ at tetrahedral sites and Sn4+ at octahedral sites are 0.57 and
0.69 Å, respectively. All ionic radii are obtained from Shannon
[26]. The ionic radius ratio of rB/rA for MgAl2O4 and Mg2SnO4 are
calculated to be 0.94 and 1.21, which indicates that the cation radii
difference in Mg2SnO4 is larger than in MgAl2O4. Moreover, Sn4+ is
a tetravalent ion and Al3+ is a trivalent ion. Swapping between Sn4+

and Mg2+ will most likely cause more lattice instability or distor-
tion due to the greater charge difference. The spinel structure is
also well known for its abundant structural vacant sites on both
tetrahedral positions (87.5% are vacant) and octahedral positions
(50% are vacant). The large fraction of vacancy sites in the structure
is responsible for effective interstitial–vacancy (i–v) recombina-
tion, which is also an important mechanism for annihilation of
point defects created by irradiation. Nevertheless, MgAl2O4 and
Mg2SnO4 both have equal numbers of vacancy sites in their struc-
tures, and it is not likely to become an important factor that results
in different irradiation tolerances.

Overall, Mg2SnO4 is not as resistant as MgAl2O4 against ballistic
displacements under intermediate energy ion irradiation. Since the
stopping power for swift heavy ions traversing in solids is mainly
electronic stopping, which is a different damage mechanism, it is
useful to conduct high energy ion irradiation to further evaluate
the irradiation stability of Mg2SnO4 and compare it with MgAl2O4.

4. Conclusions

Magnesium stannate was irradiated with 1.0 MeV Kr2+ ions at
50 and 150 K to a maximum fluence of 5 � 1019 Kr ions/m2 and
1020 Kr ions/m2, respectively. Microstructure and crystal structure
evolutions were monitored and recorded in-situ by BF images and
SAED patterns. The amorphization doses for Mg2SnO4 irradiated by
1.0 MeV Kr2+ ions at 50 and 150 K were determined to be 5 � 1019

Kr ions/m2 and 1020 Kr ions/m2, which correspond to an atomic
displacement of 5.5 and 11.0 dpa, respectively. The spinel crystal-
line structure was thermally recovered at room temperature from
the amorphous Mg2SnO4 which was irradiated at 50 K. The elec-
tronic stopping power exceeds the nuclear stopping power except
the end of range of ions, but is only �1.5 keV/nm. This suggests
that the amorphization phenomenon observed in this study is
mainly due to atomic displacement induced defect accumulation.
Mg2SnO4 shows less irradiation resistance compared with MgAl2O4

against ballistic displacement damage, which can be attributed to
its inverse structure, higher covalency of the hSn–Oi bond, larger
ionic size and charge difference between Mg2+ and Sn4+.
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