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ABSTRACT In situ transmission electron microscopy (TEM) has been extensively applied to
study radiation effects in a wide variety of materials, such as metals, ceramics and semiconductors
and is an indispensable tool in obtaining a fundamental understanding of energetic beam-matter
interactions, damage events, and materials’ behavior under intense radiation environments. In this
article, in situ TEM observations of radiation effects in complex ceramics (e.g., oxides, silicates, and
phosphates) subjected to energetic ion and electron irradiations have been summarized with a focus
on irradiation-induced microstructural evolution, changes in microchemistry, and the formation of
nanostructures. New results for in situ TEM observation of radiation effects in pyrochlore, A2B2O7,
and zircon, ZrSiO4, subjected to multiple beam irradiations are presented, and the effects of simulta-
neous irradiations of a-decay and b-decay on the microstructural evolution of potential nuclear waste
forms are discussed. Furthermore, in situ TEM results of radiation effects in a sodium borosilicate
glass subjected to electron-beam exposure are introduced to highlight the important applications of
advanced analytical TEM techniques, including Z-contrast imaging, energy filtered TEM (EFTEM),
and electron energy loss spectroscopy (EELS), in studying radiation effects in materials microstruc-
tural evolution and microchemical changes. By combining ex situ TEM and advanced analytical
TEM techniques with in situ TEM observations under energetic beam irradiations, one can obtain
invaluable information on the phase stability and response behaviors of materials under a wide
range of irradiation conditions. Microsc. Res. Tech. 72:165–181, 2009. VVC 2009 Wiley-Liss, Inc.

INTRODUCTION

Energetic beam irradiations, including ion beam and
electron beam, have been widely used to simulate the
microstructural evolution and structural transforma-
tion in complex ceramics caused by a-decay, b-decay,
neutron, and fission fragment damage under carefully
controlled experimental conditions (e.g., ion mass and
energy, temperature, and fluence). Significant irradia-
tion damage levels can be reached in short periods of
time (e.g., minutes). Heavy ion beam irradiations can
be used to simulate the recoil damage from the a-decay
events of the incorporated actinides in materials. The
radiation damage from a-particles can be simulated by
light ion irradiations (e.g., H1 or He21). Electron irradi-
ation damage can be used for simulating the effects of
ionization and electronic excitations from b-particles.

TEM is a powerful tool for the analysis of defects in
solids induced by ion and electron irradiations. Con-
ventional TEM techniques, such as bright-field and
dark-field imaging, diffraction, high resolution electron
microscopy, and chemical analysis, such as energy dis-
persive X-ray spectroscopy (EDS), have been widely
utilized to characterize irradiation-induced defects
(e.g., dislocation loops, voids, and bubbles), structural
changes (e.g., crystalline-to-amorphous transition and
order–disorder phase transitions), and chemical varia-
tions. Specifically, the microstructure evolution of
materials under energetic beam irradiations can be
imaged by TEM with high spatial resolution (less than

0.2 nm), and both crystal structure and local chemistry
variation can be probed by electron diffraction and
EDS or EELS, respectively.

In situ TEM is particularly useful for studying radia-
tion effects of materials as it allows one to follow the
microstructural evolution under well-controlled condi-
tions of irradiation dose and temperature, which pro-
vides critical information for understanding the defect
production and annihilation processes during the dam-
age process. In situ TEM observation of radiation
effects originated from the utilization of high voltage
electron microscopy in which simple Frenkel pairs
were produced by energetic electron beam irradiation.
Earlier experiments of in situ TEM observation and
ion irradiation were mainly focused on the radiation-
induced dislocation loops, void/bubble formation, and
precipitation in metals used as nuclear reactor compo-
nents. Since then, extensive experiments have been
completed using in situ TEM observation and heavy
ion irradiations to study radiation-induced microstruc-
tural evolution in a wide variety of materials, such as
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intermetallics, semiconductors, ceramics, and nuclear
waste forms. In situ TEM studies of cascade damage
in materials as well as individual damage events by sin-
gle ion has been well-established, taking the advantages
of in situ observation, such as maintaining sample posi-
tion and orientation at well-controlled temperatures.
Materials modifications and nanoscale engineering by
ion implantation were also performed combined with in
situ TEM observation. The historical development of in
situ TEM facilities and their applications in studying
radiation effects have been previously summarized in
excellent review articles (Allen, 1994; Birtcher et al.,
2005; Ishino, 1997; Wang, 1998).

In this article, in situ TEM studies of radiation
effects in complex ceramics (e.g., zircon, pyrochlore, ap-
atite, and perovskite) upon energetic ion and electron
beam irradiations are briefly reviewed with a focus on
radiation-induced microstructural evolution including
amorphization, order–disorder transitions, phase
decomposition, recrystallization and defect annealing,
and nanostructure formation. The original results of
multiple beam irradiations combining with in situ
TEM observation on pyrochlore and zircon are pre-
sented and compared with the single beam irradiation
results to highlight the importance of studying simul-
taneous ballistic and electronic ionization effects. The
application of advanced analytical TEM techniques
(e.g., EELS, EFTEM, and Z-contrast imaging) for the
in situ TEM observation of radiation effects is demon-
strated, and examples of radiation effects in a sodium
borosilicate glass irradiated by an energetic e-beam are
illustrated. Most of the ion beam irradiation experi-
ments were performed using the HVEM-Tandem (now
dismantled) and IVEM-Tandem facilities at Argonne
National Laboratory. Multiple beam irradiations of
pyrochlore and zircon were performed at Hokkaido
University. E-beam irradiations were performed at the
TEM facilities (e.g., JEOL 2000 FX and JEOL 2010 F)
at Electron Microbeam Analysis Laboratory (EMAL) at
University of Michigan.

IN SITU TEM OBSERVATION OF
RADIATION-INDUCED AMORPHIZATION

Radiation-induced amorphization occurs in natural
minerals (metamictization) that contain radioactive
elements. The alpha recoil damage in minerals and
synthetic ceramics (e.g., those doped with highly active

radionuclides, such as 238Pu and 244Cm) can be simu-
lated using heavy ion irradiation combined with in situ
TEM observation (Wang and Ewing, 1992a; Weber
et al., 1994). The microstructural evolution of materials
upon ion irradiation can be followed by monitoring the
electron diffraction patterns as a function of fluence
and temperature. The critical amorphization fluence
(dose) is the point at which all of the diffraction max-
ima have disappeared in the selected area electron dif-
fraction pattern. Based on this type of data, collected
over a range of temperatures, the critical amorphiza-
tion temperature, Tc, can be determined by fitting the
experimental data to models that describe the temper-
ature dependence of critical dose (Wang et al., 2001;
Weber, 2000). Generally, the radiation response of a
material is judged by the critical amorphization tem-
perature (lower temperatures mean that it is harder to
amorphize the material) or the critical amorphization
dose at room temperature (lower doses mean that the
material is easier to be amorphized).

Zircon

The first in situ TEM observation of radiation effects
in ceramics by heavy ion irradiation was performed on
complex silicate structures such as zircon and olivine
(Eby et al., 1992; Wang et al., 1991), and a correlation
of amorphization dose and chemical and structural
complexity of materials was established. Wang et al.
(1991) and Wang and Ewing (1992a) conducted addi-
tional, systematic ion beam irradiation studies of zir-
con using a variety of ion species and energies, e.g.,
including 700 and 1,500 keV Kr1, 1,500 keV Xe1, and
400 keV He1; and the role of electronic or ionization
process versus ballistic effects during damage accumu-
lation was investigated. The complete crystalline-to-
amorphous structural transformation occurred at a
dose of �0.55 dpa upon Kr1 and Xe1 irradiation,
regardless of total ionization energy deposited (Fig. 1).
The microstructural evolution of materials upon heavy
ion irradiation was further revealed by ex situ high res-
olution TEM imaging (Fig. 2). No indication of amorph-
ization was observed in zircon upon 400 keV He1 irra-
diation, for which there is a high electronic/nuclear
energy loss ratio. Weber et al. (1994) reported a com-
parable microstructural evolution of zircon upon
heavy ion irradiation with natural zircon containing
uranium and thorium and a Pu-doped zircon, despite

Fig. 1. Sequence of in situ selected area electron diffraction patterns of zircon irradiated by 1.5 MeV
Kr1 at room temperature as a function of dose (Modified with permission from Wang and Ewing, Mater
Res Soc Bull, 1992b, 17, 38–44, Material Research Society).
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the fact that there were six order magnitudes differ-
ence in the damage rate. This classic study established
the efficacy of using ion beam techniques to simulate a-
decay event damage in ceramics. Additional studies
showed that the critical amorphization temperature
for zircon irradiated with 1.0 MeV Ne1, 800 keV Kr1,
800 keV Xe1, and 0.6 MeV Bi1 was roughly constant,
�1,000 K, and at room temperature the amorphization
dose was approximately the same for the Pu-doped
sample and the ion beam irradiated zircon (Weber
et al., 1999) (Fig. 3A). These results firmly established
the value of using ion beam irradiation experiments
combined with in situ TEM to investigate the effects of
a-decay events in ceramics.

Systematic in situ TEM observation and heavy ion
irradiation experiments on a wide range of chemical
compositions of zircon and monazite, e.g., CaPO4,
showed that the critical amorphization temperature
increases with the atomic mass of the target (Meldrum
et al., 1999). Radiation damage in zircon results in the
simultaneous accumulation of both point defects and
amorphous regions. Displacement damage by nuclear
collision is the controlling mechanism in radiation-
induced amorphization of zircon (Wang and Ewing,
1992a). For zircon, in plots of amorphization dose ver-
sus temperature, damage accumulation appears to be a
two-step process (Meldrum et al., 1999; Weber et al.,

1994) reflecting the recovery of isolated defects at low
temperatures and cascade annealing at higher temper-
atures (Fig. 3A). The amorphization process is consist-
ent with models based on the multiple overlap of parti-
cle tracks, suggesting that amorphization occurs as a
result of a critical defect concentration (Weber, 2000;
Weber et al., 1997). The in situ TEM results of radia-
tion effects in zircon have been summarized in previous
review articles (Ewing et al., 2000, 2003).

Following these early in situ TEM studies of radia-
tion effects in zircon, extensive experiments were per-
formed on a wide variety of ceramics, such as pyro-
chlore (Ewing et al., 2004; Lian et al., 2002b, 2003a,
2004a,b, 2006a,c, 2007a; Lumpkin, 2006; Lumpkin
et al., 2004; Meldrum et al., 2001; Wang et al., 1999c,
2000c), perovskite (Sabathier et al., 2005; Smith and
Zaluzec, 2005; Soulet et al., 2001b; Trachenko et al.,
2004) and zirconolite (Berry et al., 2005; Ewing and
Wang, 1992; Hadley et al., 2005; Lumpkin, 2001; Smith
et al., 1997; Wang et al., 1999c, 2000b), apatites (Mel-
drum et al., 1997b; Utsunomiya et al., 2003; Wang and
Ewing, 1992b; Wang et al., 1994), brannerite (Lian
et al., 2002a; Lumpkin et al., 2001), spinel (Bordes
et al., 1995; Yasuda et al., 1998), alumina (Pells, 1994),
garnet (Utsunomiya et al., 2002, 2005), and murataite
(Lian et al., 2005b,c), and the damage mechanisms
and materials response have been investigated as a

Fig. 2. Ex situ HRTEM images of crystalline to amorphous transformation in synthetic zircon irradi-
ated with 1.5 MeV Kr1 ions at 300 K: (A) unirradiated; (B) 0.057 dpa; (C) 0.17 dpa; and (D) 0.34 dpa.
Complete amorphization was achieved at 0.55 dpa (Modified with permission from Weber et al., J Mater
Res, 1994, 9, 688–698, Material Research Society).
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function of chemical composition (Lian et al., 2006c;
Meldrum et al., 2001), ionicity (Hobbs, 1994) and glass
forming ability (Wang et al., 1998a,b), structural and
topographical variations (Hobbs, 1995; Hobbs et al.,
1996; Jesurum et al., 1998).

Apatites

The damage evolution of a fluorapatite,
Ca10(PO4)6F2, and a silicate apatite, Ca2La8(SiO4)6O2,
irradiated by1.5 MeV Kr1 was investigated using the
HVEM-Tandem Facility at Argonne National Labora-
tory (Wang et al., 1994), and the ion irradiation was
performed over a wide temperature range (15–680 K)
combined with in situ TEM observation. The high-
energy Kr1 ions can directly displace the target atoms
through ballistic interactions and cause displacement
cascades through a branching chain of collisions. As a
result, solid-state amorphization occurred for both apa-
tite compositions. The temperature dependence of the
critical amorphization dose for the two apatite composi-
tions are shown in Figure 3B. At low temperatures,
Ca10(PO4)6F2 amorphized at lower doses than Ca2La8

(SiO4)6O2. However, the critical amorphization dose
increased much more rapidly for the phosphate phase
above 350 K than the silicate composition due to a
much lower activation energy for the recovery process
in the phosphate structure. At 475 K, the critical
amorphization dose for the phosphate apatite was five
times higher than that for the silicate. The critical
amorphization temperature was �500 K for the phos-
phate versus �700 K for the silicate apatite. The lower
critical amorphization dose at low temperatures and
the lower activation energy for recovery of the phos-
phate apatite were attributed to the weaker P-O bond
and the higher fluorine mobility in the phosphate
(Wang et al., 1994). Soulet et al. (2001a) reported that
the critical amorphous doses for fluorapatite and
mono-silicate fluorapatite irradiated by 320 keV Pb1 at
room temperature were 0.65 and 0.45 dpa, respectively.
Synthetic britholites were irradiated by 1.0 MeV Kr21

and 1.5 MeV Xe1 over the temperature range of 50–
973 K (Utsunomiya et al., 2003). The critical tempera-
tures for amorphization were high, between 910 and
1,010 K; however, electron irradiation experiments
showed that ionizing radiation resulted in recrystalli-
zation at an absorbed dose of 6.2 3 1013 Gy. Thus, for
the phosphates, the competing processes of ballistic
interactions with heavy particles and ionization effects
of lighter particles generally increase the ‘‘resistance’’
to radiation damage by enhancing the annealing proc-
esses. The ion beam irradiation results have been used
to model damage accumulation in apatite, as compared
with zircon, which contains Pu (Weber et al., 1997).

Pyrochlore

Pyrochlore, A2B2O7, encompass a wide range of
chemistries, as evident in the over 500 synthetic com-
positions (Chakoumakos, 1984; Chakoumakos and
Ewing, 1985; Subramanian et al., 1983) and can accom-
modate significant amounts of actinides due to their re-
markable compositional and structural flexibility. As a
result, pyrochlores are important ceramics for actinide
incorporation (Begg et al., 2001a; Digeos et al., 2003;
Ewing, 2005; Ewing et al., 2004; Lian et al., 2003a,
2007a; Ringwood et al., 1979; Sickafus et al., 2000;
Sykora et al., 2005; Wang et al., 1999c; Weber and
Ewing, 2000) and are among the principal host phases
considered for the disposition of Pu from dismantled
nuclear weapons and the ‘‘minor’’ actinides (e.g., Np,
Am, Cm) generated by the nuclear fuel cycle (Ewing
et al., 2004). Ion beam irradiations and in situ TEM ob-
servation have been widely used to simulate a-decay
damage of crystalline waste forms under carefully con-
trolled experimental conditions (e.g., ion mass and
energy, temperature, and fluence). Ion irradiation
experiments utilizing various ion species including 600
keV Ar1 (Wang et al., 1999c), 600 keV Bi1 (Begg et al.,
2001a), 1 MeV Kr21 (Lian et al., 2003d, 2004a, 2006a,c,
2007b; Lumpkin et al., 2001, 2004; Zhang et al.,
2005b), 1.5 MeV Xe1 (Lian et al., 2002b; Wang et al.,
1999b), and 400 keV Au1 (Begg et al., 2001b; Zhang
et al., 2004) were performed on the pyrochlore struc-
ture oxides A2B2O7 (A31 5 La�Lu and Y; B41 5 Ti, Sn,
Hf, and Zr).

The systematic ion beam irradiation studies indicated
that pyrochlore compositions display a wide range of
responses to ion beam-induced amorphization, depend-

Fig. 3. A: Temperature dependence of amorphization dose in syn-
thetic zircons under irradiation with different ions and including the
results from alpha decay in Pu-doped zircon (Modified with permis-
sion from Weber et al., Material Research Society Symposium Pro-
ceedings, 1999, 367, Materials Research Society); B: Temperature de-
pendence of critical amorphization doses (dpa) for 1.5 KeV Kr ion irra-
diated Ca10(PO4)6F2 and Ca2La8(SiO4)6O2 (Wang et al., 1994).
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ing on the chemical composition. All of the titanate pyro-
chlores were readily amorphized by ion beam irradiation
at a relatively low fluence. For example, Gd2Ti2O7 can
be amorphized by 600 keV Ar1 at room temperature at
�0.2 dpa (Wang et al., 1999c), a value that is consistent
with the amorphization dose (�0.16 dpa) for 244Cm-
doped (3 wt.%) Gd2Ti2O7 (Weber et al., 1985). With the
increasing ionic radius of the A-site cation, from Lu31

(0.098 nm) to Gd31 (0.106 nm), the critical amorphiza-
tion temperature increases from 480 K (for Lu2Ti2O7) to
1,120 K (for Gd2Ti2O7) (Lian et al., 2003a, 2006a). Zir-
conate pyrochlores are generally resistant to radiation-
induced amorphization, and both Gd2Zr2O7 and
Er2Zr2O7 remain crystalline at doses as high as 100 dpa
at room temperature (Lian et al., 2002b; Sickafus et al.,
2000; Wang et al., 1999c). A radiation-induced crystal-
line-to-amorphous transformation was observed in
La2Zr2O7 with both 1 MeV Kr21 (Lumpkin et al., 2004)
and 1.5 MeV Xe1 irradiations (Lian et al., 2002b), de-
spite the fact that the critical amorphization tempera-
ture of La2Zr2O7 is relatively low (�300 K). Stannate
pyrochlores show a diverse response to ion beam dam-
age, from being ‘‘highly resistant’’ to ‘‘very sensitive’’ to
ion beam-induced amorphization, depending on the
chemical compositions (Lian et al., 2006a). Stannate
pyrochlores A2Sn2O7 (A 5 La, Nd, and Gd) are readily
amorphized by ion beam damage at a relatively low dose
(�1 dpa) at room temperature. However, there is no evi-
dence of amorphization observed in A2Sn2O7 (A 5 Er, Y,
and Lu) with 1 MeV Kr21 irradiation at a dose of �6 dpa
at 25 K (Lian et al., 2004a).

Figure 4 summarizes the critical amorphization tem-
peratures of all of the pyrochlore compositions sub-
jected to 1 MeV Kr21 ion irradiation as a function of
the ionic radius ratio, rA/rB, of the A-site and B-site cat-
ions (Ewing et al., 2004; Lian et al., 2006a). Generally,
with a decreasing radius ratio, the pyrochlore has a
lower critical amorphization temperature. In other
words, as the A-site cation radius approaches that of

the B-site cation radius, the pyrochlore structure
becomes an ideal fluorite structure and is more ‘‘resist-
ant’’ to radiation-induced amorphization (Lian et al.,
2003a). Instead of becoming amorphous, the pyrochlore
disorders and adopts a more stable defect fluorite
structure. There is, however, a significant deviation
from this trend for the stannate pyrochlores, that is,
the critical amorphization temperatures of stannate
pyrochlores are much higher than those of titanate and
zirconate pyrochlores having similar ionic radius ratios
(see Fig. 4). This deviation of stannate pyrochlores
from the ionic radius ratio criteria is strongly associ-
ated with the cation electronic configuration and bond-
type, the stannates being much more covalent (Lian
et al., 2004a, 2006a; Panero et al., 2004). The response
of pyrochlore structure to ion beam irradiation is
highly dependent on compositional changes, which
affect both the structural deviation from the ideal fluo-
rite structure, as well as the ionic size and bond-type.
These results have significant implications for the
design of radiation tolerant materials (Ewing et al.,
2004).

A key limitation to the in situ TEM observations of
radiation-induced amorphization is the use of a pre-
thinned TEM foil for the ion-beam irradiation studies.
The high surface-area to irradiated-volume ratio and
electron-beam radiation-enhanced annealing effects
may lead to the migration and annihilation of isolated
defects at the surface, resulting in an overestimation of
the critical amorphization dose. Thus, we have per-
formed ion implantations in bulk samples of the single
crystal zircon (Lian et al., 2003b) and lanthanide tita-
nate pyrochlores A2Ti2O7 (A 5 Sm, Eu, Gd, Dy, and Er)
(Lian et al., 2005a, 2006b). Bulk sample implantations
followed by cross-sectional TEM analysis provide a
direct measurement of the damage profile, and a
detailed microstructural characterization along the
trajectory of the implanted ions may be completed. The
critical amorphization dose has been determined by
comparing the experimental damage profiles with
those simulated using SRIM (stopping and range of
ions in matters) code. A similar microstructural evolu-
tion was observed for materials upon bulk-sample ion
implantation and heavy-ion irradiation during in situ
TEM observation. Critical amorphization doses were
overestimated for the ion irradiation using in situ TEM
observations. This may result from the defect anneal-
ing at the free surface for TEM thin foils of the sam-
ples. However, a generally consistent trend in the
amorphization dose at room temperature was observed
for materials with different compositions. These results
suggest that the combination of in situ TEM studies of
radiation effects, bulk-sample ion implantation, and
cross-sectional TEM characterization provide invalu-
able information in the investigation of the microstruc-
tural evolution and radiation response of materials.

Multiple Beam Irradiation and In Situ
TEM Observation

Defect production and migration in ceramics may be
significantly influenced by the simultaneous displacive
and ionizing radiations. For example, e-beam irradia-
tion may retard the crystalline-to-amorphous phase
transformation as a result of ionization-enhanced
defect diffusion and migration. No amorphization has

Fig. 4. The critical amorphization temperature of pyrochlores
irradiated by 1 MeV Kr21 as a function of the cation ionic radius ratio
(Modified with permission from Ewing et al., J Appl Phys, 2004, 95,
5949–5971, American Institute Of Physics and Lian et al., J Phys
Chem B, 2006a, 110, 2343–2350, American Chemical Society). The
lines in this figure are a guide to the eye.
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been observed in a-Al2O3 under 1.0 MeV Kr1-ion irra-
diation simultaneously with 900 keV electrons at 26 K;
whereas, this material transformed completely to an
amorphous state under a single beam irradiation of 1.0
MeV Kr1 or 1.5 MeV Xe1 (Devanathan et al., 1998a,b).
The effect of simultaneous displacive and ionizing radi-
ation has been discussed in terms of the ratio of elec-
tronic to nuclear stopping power (ENSP ratio, Se/Sn)
(Devanathan et al., 1998a). Amorphization occurred in
MgO-Al2O3 at much higher damage level for single
beam ion irradiation using 12 MeV Au31 (33 dpa),
when compared with 400 keV Xe21 (Yu et al., 1994),
which can be attributed to the ionizing effects resulting
from the electronic energy loss and the beam heating
for Au31 irradiations. In contrast, the swift ion irradia-
tion with electronic stopping power greater than a crit-
ical value (typically several keV/nm) will induce
amorphization inside the latent track at doses less
than that required under irradiation mainly with dis-
placement damage (Wiss et al., 2001; Zinkle and Skur-
atov, 1998).

Utilizing the state-of-the-art high voltage multibeam
facilities at Hokkaido University (Sapporo, Japan), we
have performed multiple beam irradiations of zircon
and pyrochlore with in situ TEM observation, which
allowed us to investigate the simultaneous displacive
and ionizing irradiation effects. Significantly, enhanced

resistance to radiation-induced amorphization has
been observed under the triple irradiation conditions
when compared with the single beam-irradiation. As
shown by the bright-field TEM images and selected
area diffraction patterns (Figs. 5A and 5B), complete
amorphization was achieved at dose of 1 dpa in zircon
single crystals with 250 keV Xe1 irradiation. With si-
multaneous double beam irradiations of 250 keV Xe1

and 1.25 MeV e-beam the critical amorphization dose
for zircon increases to 1.8 dpa. These results indicated
that ionizing radiation of energetic e-beam plays an im-
portant role in determining the final microstructure of
radiation-induced amorphization. In this case, e-beam
ionization may enhance the defect annealing behavior
and retard the amorphization process. Figure 5D
shows a high-resolution TEM image and selected area
diffraction pattern of zircon subjected to triple beam
irradiation of 250 keV Xe1 and 250 keV He1, 1.25 MeV
e2. The additional He1 irradiation further increases
the radiation resistance to ion beam-induced amorph-
ization, and the crystalline structure was preserved at
a dose of 2 dpa upon triple beam irradiation. Complete
radiation-induced amorphization of zircon was re-
tarded until the damage level reached 4 dpa. Similar
results were achieved for the irradiation of pyrochlore,
Gd2Ti2O7, and complete amorphization of Gd2Ti2O7

was observed at a dose of 12 dpa under triple beam

Fig. 5. Triple beam irradiation shows the effects of simultaneous
displacive and ionization irradiation on materials response to radia-
tion-induced amorphization. A: Bright-field TEM image of zircon sin-
gle crystal before irradiation; B: In situ bright-field TEM image of zir-
con irradiated by 250 keV Xe1 at room temperature (inset is an in
situ electron diffraction pattern). A completely amorphous structure
can be achieved at a dose of 1 dpa for zircon irradiated with 250 keV

Xe1; C: In situ high resolution TEM image showing that complete
amorphization was achieved at a dose of 1.8 dpa under double beam
irradiation; and D: In situ high resolution TEM image and SAED pat-
tern showing zircon remains crystalline subjected to triple beam irra-
diation at a dose of 2.0 dpa. The amorphization dose increases to 4.0
dpa under triple beam irradiation.
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irradiation, which is significantly higher than the
critical amorphization dose (0.2 dpa) for Gd2Ti2O7

under a single-beam irradiation (Wang et al., 1999c).
These results highlight the necessity of investigating
the simultaneously displacive and ionizing irradiation
effects, particularly for materials subjected a-decay
events (�4.5 MeV He1 and �90 keV recoil atoms),
b-decay, fast neutrons, and high-energy fission
fragments.

RADIATION-INDUCED PHASE
TRANSFORMATIONS AND ORDER-DISORDER

TRANSITIONS

Similar to crystalline-to-amorphous structural tran-
sition, in situ TEM observation can be applied to study
radiation-induced phase transformations, by following
selected area electron diffraction patterns under e-
beam and ion beam irradiations. For example, an e-
beam-induced phase transformation in Pb5Ca5

(VO4)6F2 apatite was observed under in situ TEM ob-
servation (Dong et al., 2005). Under the irradiation of
the electron beam, apatite initially loses fluorine, fol-
lowed by the volatilization of lead, and the formation of
platelets (2–5 nm) of a glaserite-type structure; and
finally, V51 was reduced to V41 with the loss of lead
and calcium oxide, leading to the formation of single
crystals of CaVO3 perovskite.

A pyrochlore-to-fluorite structural transformation
was observed in all of the ion irradiated pyrochlores.
An ion beam-induced cation and anion disordering is
responsible for the pyrochlore-to-fluorite transforma-
tion (Lian et al., 2001a, 2002b; Wang et al., 1999b,c).
The dynamics of the order–disorder structural trans-

formation in pyrochlore depends on the chemical com-
positions. For titanate-rich compounds, a defect fluo-
rite was created concurrently with radiation-induced
amorphous domains. With further irradiation, defect
fluorite is not stable and converts to a completely amor-
phous state (Wang et al., 1999c). In contrast, the zirco-
nium-rich pyrochlores do not amorphize, and ion
beam-induced defect fluorite is stable to very high
doses (Lian et al., 2002b, 2004b; Wang et al., 1999b). In
a similar way, monoclinic zirconolite, CaZrTi2O7, trans-
forms to a fluorite sublattice through cation disorder-
ing during irradiation, concurrent with amorphization
process (Wang et al., 1999c).

In the pyrochlore structure, all of the atoms in the or-
dered pyrochlore superstructure occupy special posi-
tions in the space group Fd3m, and as a result, some
atoms do not make a contribution to certain diffraction
maxima. For example, the extra diffraction peaks
(where h 1 k 1 l 5 4n and individual indices h, k, and l
are not equal to a multiple of four) are contributed to
only by the anion array (Hahn, 1996). Because these
specific diffraction maxima are unique to the cation or
anion arrays. An independent determination of the
structural transitions that occur on the cation and
anion sublattices during the irradiation experiments
has been achieved by examining the SAED patterns
using in situ TEM (Lian et al., 2003c). As shown in the
SAED pattern (Fig. 6) of Er2Ti2O7 irradiated by 1 MeV
Kr21 at a dose of 0.1 dpa, the diffraction spots with the
indices h 1 k 1 l 5 4n (i.e., 022 and 422), originating
only from the anion array, completely disappeared, in
contrast to the original SAED pattern (Lian et al.,
2003c). This suggests a redistribution of the anions

Fig. 6. A: In situ SAED diffraction patterns along the [011] zone
axis of Er2Ti2O7 irradiated by 1 MeV Kr21 irradiation at room tempera-
ture at different doses (Lian et al., 2003c). The disappearance of specific
diffraction spots (022, 422, etc.), as marked by white arrows in the
SAED pattern at 0.1 dpa, suggests that a significant anion disordering
occurs upon ion irradiation; B: Structural models of a fully ordered

pyrochlore and the simulated diffraction patterns of Er2Ti2O7 along the
[011] zone axis using Crystalkit; and C: Structural model of an anion
disordered pyrochlore and simulated diffraction pattern. (Modified with
permission from Lian et al., Acta Materialia, 2003c, 51, 1493–1502,
Elsevier Science. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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within the ordered-pyrochlore superstructure. Either
the anion sublattice is fully ‘‘randomized’’ or the inten-
sities of diffraction maxima from the anions that are
weakly ordered cannot be detected by TEM techniques
due to the dynamic scattering effects. A significant
amount of disordering does occur on the anion sublatti-
ces. The existence of 111 diffraction spots suggests that
cations remain ordered arrangements. The decreasing
intensity of these 111 diffraction maxima (Fig. 6A),
when compared with those in the original pattern (Fig.
6A), can be attributed to the loss of contributions from
anion ordering and partial cation disordering within
the ordered-pyrochlore superstructure. This result sug-
gests that cation and anion disordering occurs inde-
pendently, and the anion disordering process precedes
the cation disorder on ion irradiation (Lian et al.,
2003c, 2004b).

To explain in situ TEM data, Lian et al. (2003c)
developed a structural model of an anion-disordered
pyrochlore structure, in which the cations remain
completely ordered but the anions are completely dis-
ordered (Fig. 6B). The simulated diffraction patterns
based on the anion-disordered pyrochlore structure
using Crystalkit software have been compared with
the calculated patterns of the ordered pyrochlore
structure and experimental results. Extra diffraction
maxima corresponding to anion-ordering reflections
(i.e., 022 and 422) were observed in the simulated
image based on the fully ordered pyrochlore structure.
These specific diffraction maxima do not appear in the
simulated image of the anion-disordered structure
(Fig. 6C). The simulated SAED pattern and the exper-
imental diffraction patterns match quite well. This
result suggests that an intermediate structure, a par-
tially disordered pyrochlore (a pyrochlore structure
with significantly ordered cations but mostly disor-
dered anions), formed upon ion beam irradiation prior
to the transition from an ordered pyrochlore to the
disordered defect-fluorite structure (Lian et al., 2003c,
2004b).

The formation of the anion-disordered pyrochlore
structure may result from the difference between the
radiation response of cation and anion sublattices
due to different displacement energies. Theoretical
simulations indicated that oxygen atoms may be
more sensitive to ion beam damage, and the calcu-
lated mean threshold displacement energy for O48f

oxygen (38 eV) is much smaller than that of La (153
eV) and Zr (188 eV) (Chartier et al., 2003). During
the displacement cascade formation at t 5 0.3 ps, a
significantly larger number of oxygen atoms are dis-
placed from their equilibrium positions than are La
and Zr atoms. Within several picoseconds (�7.5 ps),
more than 90% of the displaced anions and cations
return to their initial positions or occupy an equiva-
lent crystallographic site. Thus, this defect recovery
process, due to dynamic annealing, leads to signifi-
cant anion disordering but significant cation order is
retained. The formation of an anion-disordered pyro-
chlore structure has been observed in almost all
pyrochlores during ion irradiation under in situ TEM
observations.

Anion-disordered pyrochlore structures were also
reported recently as a result of pressure-induced com-
pression (Zhang et al., 2005a, 2006) and mechanical

milling (Fuentes et al., 2005). In particular, in situ
Raman measurements of Sm2Ti2O7 at different pres-
sures show the appearance of a new broad band around
800 cm21 due only to anion disordering. X-ray diffrac-
tion analysis indicated the formation of a distorted
pyrochlore structure upon compression, and the distor-
tion of anion sites precedes the cation sites in titanate
pyrochlores. Anions are completely disordered at a
pressure of 40 Gpa; whereas the cations are still or-
dered up to 51 GPa (Zhang et al., 2006).

In contrast to ion irradiation studies under in situ
TEM observation (Lian et al., 2003c, 2004b) and com-
pression studies at high pressure with in situ Raman
spectroscopy measurements (Zhang et al., 2005a,
2006), Raman spectroscopy and X-ray absorption spec-
troscopy studies (Hess et al., 2002) of the Au1

implanted Gd2(ZrxTi12x)2O7 system indicated that the
cation disorder appears to dominate the irradiation-
driven structural transition, and no significant anion
disorder was observed to occur. Despite the fact that
the exact mechanisms of the order–disorder transition
in pyrochlores remains a subject of debate, in situ TEM
observation of independent disordering kinetics of cat-
ion and anion sublattices provides another perspective
for understanding the nature of the pyrochlore-to-fluo-
rite transformation.

RADIATION-INDUCED NANOSTRUCTURE
FORMATION AND PHASE DECOMPOSITION

Phase decomposition and nanostructure formation
may be induced by energetic beam irradiations, and in
situ TEM offers the advantage of direct observation of
the phase decomposition and nanostructure formation
processes as a function of radiation dose at well-con-
trolled temperatures. Wang et al. (2000a) and Meldrum
et al. (2000) summarized the examples of nanostruc-
ture formation upon ion beam and electron beam irra-
diations, and discussed the mechanisms responsible for
nanostructure formation. Irradiation-induced nano-
structures may form as a result of the overlap of the
amorphous domains caused by energetic beam-induced
cascade damage, leading to the formation of individual
crystalline particles with a size of several nm. These
nanoparticles are embedded in amorphous matrix and
may retain the original orientation of the crystal, as
shown in Kr1 irradiated zircon (see Fig. 2D). Similar
results were observed for Kr1 ion irradiated olivine
(Wang et al., 1999a), garnet (Utsunomiya et al., 2002),
and a niobiate titanate (Lian et al., 2001b). The nano-
structures formed are apparently a result of the rem-
nants of the original crystal. Locally, high and aniso-
tropic strain fields, caused by irradiation and volume
expansion of amorphous volume, lead to a slight rota-
tion of the nanoparticles relative to the original crystal.
Additionally, nanostructures with a random orienta-
tion may form during continued irradiation above the
critical amorphization temperature. The nucleation of
nanocrystals is believed to be directly from the crystal-
line state of the original material. The strain fields or
increased dislocation density induced by energetic
beam irradiations above critical amorphization temper-
ature may also lead to randomization of orientation
and refinement of grain size. Nanocrystal formation
can be easily identified by in situ TEM observation by
monitoring the electron diffraction pattern and noting
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the formation and increased intensity of the polycrys-
talline ring patterns.

Nanostructure formation with a random orientation
can also be induced in ceramics by ion beam irradiation
at temperatures near the critical amorphization tem-
perature, below the normal crystallization temperature
of corresponding amorphous materials. The nanostruc-
ture formation is a competition between amorphization
and thermally activated recrystallization. In a silicate-
apatite, Ca2La8(SiO4)6O2, nanocrystals readily form,
as shown in ex situ HRTEM images (Fig. 7) (Wang
et al., 2000a), and nanocrystals were induced by 1.5
MeV Kr1 irradiation at a fluence of 1 3 1014 ions/cm2

at 673 K, slightly below the critical amorphization tem-
perature. The nanocrystals have the same crystal
structure as the original phase as confirmed by elec-
tron diffraction. The ionization from simultaneous 300
keV electron beam irradiation may enhance the recrys-
tallization process and contribute to the formation of
nanocrystals with a random orientation.

Phase decomposition and chemical segregation may
occur in complex ceramics (such as zircon, pyrochlore,
and apatite) upon energetic beam irradiation, leading
to the formation of nanocrystals with completely differ-
ent chemical compositions and structures when com-
pared with the original phase. Phase decomposition in
zircon was first discovered by shock wave experiments,
and tetragonal ZrO2 was identified as a decomposition
product in both single-crystal and powdered zircons
(Kusaba et al., 1985). Radiation damage can cause
phase decomposition and lead to the formation of tet-
ragonal ZrO2 nanocrystals, consistent with the obser-
vation in natural zircons in which ZrO2 is often found
(Kusaba et al., 1985).

Utilizing in situ TEM, Meldrum et al. (1997a; Mel-
drum et al., 1998) reported that tetragonal or cubic
zirconia nanocrystals can form directly from single
crystal zircon irradiated above 1,023 K (Fig. 8A); but at
873 K, irradiated zircon initially amorphized and
finally, decomposed to ZrO2 and amorphous SiO2 (Mel-
drum et al., 1997a, 1998). This radiation-induced phase
decomposition process can be attributed to the ‘‘liquid-
like’’ cascades created by energetic beam irradiation.

The temperature inside a displacement cascade may be
higher than temperature at which ZrO2-rich and SiO2-
rich liquids can coexist. At higher irradiation tempera-
tures (above 1,023 K), ZrO2 nanocrystals nucleate and
grow without directly quenching to the amorphous
state (Meldrum et al., 1998). Carrez et al. (2003) fur-
ther investigated the phase decomposition process by
irradiating a preamorphized zircon with energetic e-
beam under in situ TEM observation. First, spinodal
decomposition occurred, leading to phase separation
into ZrO2-rich and SiO2-rich domains. Second, small
crystallites of ZrO2 nucleated and grew within the
ZrO2-rich domains. An important implication of these
results is that metamict zircon is not stable under ion-
izing radiation and tends to decompose into SiO2-rich
and ZrO2-rich domains. Thus, simultaneous ionizing
and displacive irradiations are required to investigate
the phase stability, amorphization, and phase decom-
position behavior of zircon in the event it is used as a
nuclear waste form.

Phase decomposition due to energetic ion bombard-
ments also occurred in the (21, 51) pyrochlore
Cd2Nb2O7, leading to the formation of high-density
nanoparticles in the fully amorphized matrix (Jiang
et al., 2005, 2006). The phase decomposition of
Cd2Nb2O7 pyrochlore was observed under a wide range
of irradiation conditions: 10 MeV C1, 1 MeV He1

(Jiang et al., 2005, 2006), 1 MeV Kr21, and 30 keV Ga1

(Lian et al., 2006d). The nanoparticles are Cd-rich but
depleted in Nb and O, as indicated by energy-disper-
sive X-ray (EDX) measurements, and the particle size
can reach 150 nm, depending on the ion fluence and de-
posited energy density. The production and release of
O2 molecules, the diffusion of Nb atoms, and the aggre-
gation of Cd atoms in the amorphized region were pro-
posed to explain the formation of Cd-rich nanoparticles
in Cd2Nb2O7. The soft metal Cd segregated into the
phase decomposed region under ion bombardment, and
then nucleated and grew in the amorphous region. The
energetic ion beam irradiation may enhance the migra-
tion of Cd, and smaller nanoparticles may coalesce,
resulting in the formation of larger particles at higher
irradiation fluences or at higher temperatures. In situ

Fig. 7. Ex situ HRTEM images of a Ca2La8(SiO4)6O2 specimen before (A) and after 1.5 MeV Kr irradi-
ation to 1 3 1014 ions cm2 at 4008C (B). The thin region of the sample has become nanocrystalline due to
the irradiation (Modified with permission from Wang et al., Mater Sci Eng A, 2000a, 286, 72–80, Elsevier
Sequoia).
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TEM observation (Fig. 8B) shows that the nanopar-
ticles are associated with a large number of nano-
pores/nanovoids. This suggests that energetic beam
bombardment leads to phase decomposition within
the displacement cascades, and as Cd segregates
from the matrix and forms pure metal Cd-nanopar-
ticles, it leaves nanopores/nanovoids enriched in Nb
and O. The nucleation and growth of Cd-nanopar-
ticles is essentially a result of phase decomposition,
enrichment, and segregation of Cd from the matrix,
incorporation into Cd-nanoparticles and coalescence
of the smaller nanoparticles. The particle size is con-
trolled by the amount of Cd supplied from the decom-
posed regions, and thus, increases with higher ion flu-
ences and temperatures. Under 30 keV Ga1 focused
ion beam irradiation, the material only decomposed
near the surface region due to the shallow penetra-
tion of the ions (�9.6 nm) (Lian et al., 2006d). Limited
amounts of free metallic Cd were available for migra-
tion; thus, the coalescence of small nanoparticles
could not occur and a narrow size distribution of
nanoparticles (�5 nm) was observed in the FIB-irra-
diated Cd2Nb2O7 pyrochlore.

Ionization irradiation (e.g., e-beam exposure) can
also cause phase decomposition. We have studied the
microstructural evolution of fluorapatite, Ca5(PO4)3

(F,OH,Cl), under 200 keV electron beam by in situ
TEM observation (Fig. 9) (Cameron et al., 1992), and
with increased exposure of e-beam a radiolytic decom-
position occurred, leading to the formation of a laby-
rinth of voids and CaO nanocrystals (Wang et al.,
2000a). The presence of nanocrystalline CaO is
confirmed by both diffraction rings and Moire’ fringes
recorded in the electron diffraction pattern and
the TEM image obtained during e-beam irradiation.
The ionizing radiation first breaks the weak bonds
in the apatite structure through electronic excitation

or a radiolysis process, causing the loss of volatile ele-
ments, such as F, Cl, and even P, resulting in the for-
mation of a labyrinth of cavities (Fig. 9C). Continued
irradiation leads to the formation of some CaO crys-
tals in the voids produced during the earlier stages of
the damage process (Fig. 9D). Irradiation experiments
have not revealed any significant instability of CaO
under further electron irradiation (Cameron et al.,
1992; Wang et al., 2000a). No new phosphorus-bearing
or fluorine-bearing phases were identified, and no evi-
dence of amorphization was observed by electron dif-
fraction techniques. Additional in situ TEM observa-
tions indicated that e-beam irradiation of crystalline
apatite using a high current density (16 A/cm2) caused
the precipitation of cubic CaO in the crystalline apa-
tite matrix. Using a lower beam current (1.6 A/cm2),
the formation of nanometer-sized voids was observed,
but CaO did not crystallize even after prolonged irra-
diation (Meldrum et al., 1997b).

IONIZATION EFFECTS IN
AMORPHOUS MATERIALS

Ionization effects in zircon, synthetic LaPO4, and
ScPO4 preamorphized by energetic ion beam irradia-
tions (e.g., 1.5 MeV Kr1) have been investigated upon
e-beam exposure with in situ TEM over a wide range of
electron beam energies (80–200 kV) and temperatures
(130–800 k). Amorphous zircon recrystallized into ZrO2

nanocrystals and amorphous SiO2 domains as a result
of ionization-induced phase decomposition, and no
recrystallization back to zircon occurred for any of the
electron beam energies, dose rates, and temperatures
(Meldrum et al., 1997a). In contrast, a randomly ori-
ented polycrystalline assemblage of the same composi-
tion as the original material formed from the amor-

Fig. 8. A: In situ SAED pattern and ex situ HRTEM image of zir-
con irradiated by 800 keV Kr1 at 7758C to 3 dpa showing the forma-
tion of randomly oriented ZrO2 nanocrystals (highlighted) in amor-
phous SiO2 matrix (Modified with permission from Meldrum et al.,
Nucl Instrum Methods Phys Res B, 2003, 207, 28–35, North-Holland

Physics Pub). The letters in the SAED pattern correspond to charac-
teristic diffraction rings of tetragonal or cubic zirconia. B: In situ
bright-field TEM and ex situ HRTEM images showing the nano-
particles formation in Cd2Nb2O7 during 1 MeV Kr21 ion irradiations
at 3008C.
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phous LaPO4 and ScPO4 upon e-beam irradiations.
Thermal annealing resulted in epitaxial recrystalliza-
tion from the thick edges of the TEM samples.

Amorphous apatite recrystallized into a coarse-
grained polycrystalline assemblage of apatite crystalli-
tes at 85–200 kV at low e-beam current. Increasing the
e-beam current caused the formation of fine-grained
cubic CaO, and the crystallization of apatite was not
observed, even at high doses (Meldrum et al., 1997b).
In each case, many e-beam-induced bubbles formed
and were typically larger at the edge of the beam. Ther-
mal annealing at 723 K resulted in epitaxial crystalli-
zation of the fluorapatite from the thicker, undamaged
portions of the TEM foil; thus, a single crystal formed
with a high defect density. These results suggest that
ionizing radiation (varying with energy, dose, and dose
rate) and thermally induced recrystallization have
competing effects on the recrystallization behavior of
amorphous materials.

Similar to thermal annealing, ionizing radiation can
also induce epitaxial recrystallization of amorphous
materials. Figure 10 shows ionizing radiation-induced
epitaxial annealing of an amorphous domain in Ca2L-
a8(SiO4)O2 upon e-beam irradiation (Wang and Weber,
1999). Bae et al. (2007) recently investigated the e-
beam induced recystallization of irradiation-induced
amorphous Sr2Nd8(SiO4)6O2 using in situ TEM with
200 keV electrons at room temperature. Epitaxial
recrystallization was observed from both the amor-
phous/crystalline interface and the surface, and the
recrystallization is more pronounced with increasing
electron-beam flux. Using in situ TEM observation,
Zhang et al. (2005b) also investigated the kinetics of e-
beam-induced epitaxial recrystallization of the surface
amorphous layer in SrTiO3 single crystals created by
1.0 MeV Au1 ion implantation (Fig. 11). Under 200 keV
electron-beam irradiation, the epitaxial recrystalliza-
tion rates are orders of magnitude higher than thermal

Fig. 9. The microstructure evolution of F-apatite (Ca10(PO4)6F2)
irradiated by 200 keV electron beam under in situ TEM observation:
(A) Undamaged, (B) <1 min after irradiation, (C) 5 min after irradia-
tion. A labyrinth of voids has formed. (D) 10 min under irradiation.

CaO nanoparticles formed besides the voids. Inset in Figure 9D is the
selected area electron diffraction pattern (Modified with permission
from Wang et al., Mater Sci Eng A, 2000a, 286, 72–80, Elsevier
Sequoia).
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rates, and an activation energy of 0.1 6 0.05 eV was
determined for the e-beam enhanced recrystallization,
which is much lower than that of thermally-induced
epitaxial growth (0.7 6 0.05 eV in air). Ionization-
induced processes are considered the primary mecha-
nisms for the enhanced solid-phase epitaxial recrystal-
lization under e-beam exposure. The localized elec-
tronic excitations affect local atomic bonds and may
effectively lower the energy barriers to recrystalliza-
tion, which may involve local atomic hopping or rota-
tion of atomic polyhedral.

APPLICATIONS OFANALYTICALTEM
TECHNIQUES IN STUDYING

RADIATION EFFECTS

The recent development of advanced analytical TEM
techniques, including high angle annual dark field
imaging (HAADF), EELS, and EDS combined with con-
ventional TEM techniques (imaging and diffraction),
has provided a wide range of possibilities for probing
the microstructure, microchemical composition, elec-
tronic and oxidation states of materials. Energy filtered
TEM imaging, based on the characteristics of the
energy loss spectrum, allows one to probe the two-
dimensional distribution (mapping) of elements. Simul-
taneous acquisition of EELS, EDS, and HAADF imag-
ing in a dedicated STEM or a TEM/STEM makes it pos-
sible to correlate the chemical composition, electronic
and oxidation state, and materials microstructure at
atomic-scale resolution. However, very limited data
have been reported, which utilize these advanced ana-
lytical TEM techniques in studying radiation effects in
materials. Hobbs et al. (1994) have demonstrated that
energy-filtered electron diffraction can be very useful
for determining the radial distribution function of an
amorphous material. Recently, Jiang et al. (2000, 2002)
demonstrated the efficacy of combining annular dark
field imaging and EELS techniques for studying phase
decomposition behavior under electron irradiation in
several glass systems. The combination of these analyt-
ical TEM techniques with in situ TEM observations is

a powerful method for investigating radiation effects
(specifically ionization-induced damage by e-beam irra-
diation) in materials.

Sun et al. (2004, 2005) have performed in situ elec-
tron energy-loss spectroscopy (EELS) and energy-fil-
tered electron microscopy (EFTEM) studies using a
JEOL-2010F STEM/TEM (in TEM mode) on a alkali
borosilicate glass (17.78% B2O3-15.83% Na2O-61.39%
SiO2-4.99% Fe2O3), a potential glass waste form for
immobilization of high-level nuclear waste (HLW).
Under electron beam irradiation, the glasses initially
lose some mass as seen from the thinning of the glasses
during the irradiation. Sodium migration to nearby
regions also occurred during irradiation, and no Na
was detected by EELS from the irradiated areas after
higher doses as a result of Na-depleted areas in the
irradiated glass. With increasing electron doses, a
phase separation phenomenon was observed leading to
a borate phase from the silica-rich phase (see Z-con-
trast image in Fig. 12A). A HREM image shows the for-
mation of small crystalline particles with an interpla-
nar distance of �0.26 nm, after the glass has been irra-
diated at a high electron dose. In situ EFTEM images
(Figs. 12B–12E) (RGB map generated from elemental
mapping) clearly shows the process of phase separation
under irradiation, and Fe is associated with a boron-
rich phase in the Fe-containing glasses (Sun et al.,
2005).

Figure 13 shows a series of in situ EELS spectra con-
taining Si L23-edge and B K-edge in sodium borosilicate
glasses under electron irradiation (Sun et al., 2004). Si
L23 core-loss spectrum (spectrum 1) was acquired at
the electron dose of 3.2 3 1010 Gy and has features
characteristic of amorphous SiO2 with tetrahedrally
coordinated Si. With increasing electron doses, no
obvious chemical shifts were observed from the Si L23

spectra. Two sharp peaks at the energies of 108 and
115 eV remain with little change in the relative inten-
sities, suggesting that only a small amount of Si was
reduced and most Si atoms maintain their tetrahedral
coordination during the irradiation. The B K-edge

Fig. 10. Electron beam induced epitaxial annealing of an amorphous domain in Ca2La8(SiO4)O2 dur-
ing in situ high resolution electron microscopy. The amorphous domain was created by a displacement
cascade caused by a 1.5 MeV Kr ion in the crystal (Modified with permission from Wang and Weber,
Philos Mag, 1999, 79, 237–253, Taylor and Francis Ltd).

Microscopy Research and Technique

176 J. LIAN ET AL.



spectrum acquired at a dose of 3.2 3 1010 Gy (spectrum
1) consists of a sharp peak (p*) at about 193 eV followed
by a broad peak (r*) at 203 eV, with the former having
a slightly greater intensity than the latter peak. This
suggests that B atoms are mainly in triangular coordi-

nation and tetrahedral B is minor. With increasing
irradiation dose, there was initially an increase of the
intensity ratio between the p* and the r* peak, which
then decreased with further irradiation. B in the
sodium borosilicate glass is reduced from its original

Fig. 11. In situ high resolution TEM images (cross-sectional view) of SrTiO3 preamorphized by 1.0
MeV Au1 under 200 keV e-beam exposure at different time (A: original; B: 40 s; and C: 180 s) with flux
of 5.0 3 1020 cm22 s21 showing ionizing radiation-induced epitaxial recrystallization along the amor-
phous/crystalline interface.

Fig. 12. HAADF image (A) and high resolution TEM image (B)
showing a boron-rich phase separation from a sodium borosilicate
(NBS) glass irradiated by 200 keV e-beam at a fluences of 3.0 3 1026

e/m2. (C–E) RGB maps (R: B, G: Fe, and B: Si) generated from in situ

EFTEM images (elemental maps) of a sodium borosilicate glass irra-
diated at doses of about (C) 2.0 3 1026, (D) 3.0 3 1026, and (E) 5.0 3
1026 e/m2. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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oxidation state during irradiation, accompanying its
separation from the Si-rich phase. These results dem-
onstrated that in situ EELS analysis is a powerful
technique in investigating radiation-induced oxidation
state variation in glasses, especially for light elements
like B, which are difficult for analysis by conventional
techniques.

CONCLUSIONS

In this article, the applications of in situ TEM techni-
ques in the investigation of radiation effects in complex
ceramics (i.e., zircon, apatite, and pyrochlore) have
been summarized with the focus on radiation-induced
amorphization and phase transformations. Multiple
beam irradiations with in situ TEM were performed on
zircon and pyrochlore to simulate the simultaneous
displacive and ionization radiation effects. Examples of
the microstructural evolution, microchemical varia-
tions, phase separation, decomposition, and radiation-
induced nanostructure formation were presented for
zircon, pyrochlore, and apatite structure types. Ion
beam irradiations of zircon, combined with studies of
natural zircon that contains U and Th and synthetic
zircon doped with Pu have established the validity of
ion beam irradiation combined with in situ TEM to sim-
ulate the effect of a-decay damage in complex ceramics.
Systematic ion beam irradiations under in situ TEM
observations in a wide range of pyrochlore compositions
provide the fundamental information required to tailor
materials to specific performance requirements by con-
trolling their chemical compositions and structures.
Multiple beam irradiation experiments show that ioniz-
ing radiation will significantly enhance the resistance
to ballistic damage caused by energetic heavy ion irra-

diations due to radiation-enhanced annealing. Thus, it
is critically important to perform simultaneous displa-
cive and ionization radiations to completely understand
materials behavior in complex radiation environments.
In situ techniques are particularly useful for investigat-
ing the phase transformations as a function of radiation
dose and temperature. Different mechanisms responsi-
ble for radiation-induced nanostructures were eluci-
dated by the combined use of in situ TEM observation,
ex situ diffraction and TEM imaging techniques. The
complex ionization effects on crystalline and amorphous
materials simulated by energetic e-beam irradiations
were discussed. Ionizing radiation (varying with
energy, dose, and dose rate) and thermally induced
recrystallization have competing effects on the recrys-
tallization behavior of amorphous materials. We aslo
demonstrated the application of advanced analytical
TEM techniques, such as Z-contrast imaging, EELS,
and EFTEM in studying radiation-induced microstruc-
ture evolution, phase separation, and oxidation state
variations in a glass. In situ TEM combined with ex situ
techniques plays a vital role in studying radiation
effects in materials to achieve a fundamental under-
standing of energetic beam-matter interactions, dam-
age events, and materials behavior in extreme radia-
tion environments.
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