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Coffinite, USiO,, is one of the two most abundant and important naturally occurring U** phases (the other
is UO,), and it is an alteration product of the UO; in spent nuclear fuel when in contact with silica-rich
groundwater under reducing conditions. Despite its ubiquity, there are very limited data on the response
of coffinite to radiation. Here, we present the results of the first systematic investigation of energetic ion
beam irradiation (1 MeV Kr?*) of ultra-fine, synthetic coffinite (20-50 nm). In situ transmission electron
microscopy (TEM) showed that the crystalline-to-amorphous transformation occurs at a relatively low
dose, ~0.27 displacements per atom (dpa) at room temperature. The critical temperature, T., above which
coffinite cannot be amorphized, is low (~608 K). Synthetic coffinite is more stable as compared with iso-
structural zircon (ZrSiOg4; T = 1000 K) and thorite (ThSiOg4; T, above 1100 K) upon ion beam irradiation at
elevated temperature, suggesting enhanced defect annealing behavior in nano-sized synthetic coffinite.
Irradiation was found to decrease the temperature required to induce phase decomposition process in
coffinite upon thermal annealing. A good correlation among the critical amorphization temperature, T,
phase decomposition temperature, Ty, and the temperature range of the two-phase (ZrO, and SiO,) co-
existed region was identified.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Actinide-bearing phases are inevitably exposed to radiation
damage due to alpha-decay events. In natural minerals, such as
coffinite, USiQOy,, significant radiation doses, tens of displacements
per atom, dpa, accumulate over geologic periods. Coffinite occurs
as a common alteration product of uraninite, UO,.,, a natural ana-
logue to the UO; in spent nuclear fuel [1-3]. Coffinite will form as
an alteration product of spent nuclear fuel exposed to silica-rich
ground water under reducing conditions [4-9]. The radiation re-
sponse of coffinite is of even greater interest if it also incorporates
transuranium elements, such as Pu, during the corrosion of UO, in
spent nuclear fuel, particularly a mixed oxide fuel [10,11].

Coffinite (I4,/amd, Z=4) is an orthosilicate, isostructural with
zircon (ZrSiO4), hafnon (HfSiO4), thorite (ThSiO4) [12-15], and
other actinide silicates in which the actinides (e.g., Np, Pu, Am)
are typically in the 4" valence state [16,17]. Pu®>" substitutes into
zircon synthesized under reducing conditions [18]. The A-site,
which contains uranium, is surrounded by eight oxygens: four at
a distance of 0.238 nm and four at the distance 0.236 nm, distances
comparable to those in UO, (0.236 nm) [19]. The coffinite structure
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consists of a chain of alternating, edge-sharing SiO,4 tetrahedra and
UOg (or ThOg) triangular dodecahedra extending parallel to the c-
axis [17,20].

The phase stability and response of the isostructural orthosili-
cates including zircon, hafnon, and thorite under intense radiation
fields have been studied extensively by ion beam irradiations
combined with in situ TEM observation [21-24]. All of these orth-
osilicates experience a radiation-induced crystalline-to-amor-
phous transformation at room temperature at relatively low
doses (0.17-0.22 dpa) and can be amorphized even at tempera-
tures up to 1000 K [21]. However, no irradiation data are available
for the uranium end-member, coffinite, because the synthesis of
coffinite has proven to be very difficult. In this study, we have per-
formed ion beam irradiations on synthetic coffinite with a crystal
size in the range of 20-50 nm, consistent with the ultra-fine nat-
ure of the coffinite as it forms as an alteration product of spent
nuclear fuel or occurs in natural uranium deposits. The results
of the systematic ion beam irradiations of coffinite are compared
with previous results for isostructural zircon, hafnon and thorite.
The synthetic nanocrystalline coffinite is more stable than bulk
zircon and thorite at elevated temperatures; however, the en-
hanced radiation performance may be related to the very fine par-
ticle size of the coffinite, as the very small grain size may allow for
more rapid annealing of defects as they are annihilated at the
grain surfaces.
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2. Experimental

The synthetic coffinite (USiO4) was prepared from solutions of
UCl4 and Na,SiOs during reaction in an autoclave under hydrother-
mal conditions (250 °C, 40 bars). The details of the synthesis meth-
od are described in Pointeau et al. [25]. XRD measurements
confirmed that the synthesized powder was tetragonal coffinite,
isostructural with zircon; however, varying amounts of poorly-
crystalline impurities were detected by EMPA analyses (mainly
UO, and SiO, gel). TEM analysis, using selected area electron dif-
fraction (SAED) patterns, confirmed the presence of coffinite, con-
sistent with the XRD measurements (Fig. 1(a)). TEM samples were
prepared by dispersing as-synthesized powders on holy carbon
grids suitable for direct microstructural characterization and ion
beam irradiations. Bright-field and high resolution TEM (HRTEM)
images (Fig. 1(a) and (b)) showed that the as-synthesized samples
consisted of well crystallized powders with facets, and the grain
size was in the range of 20-50 nm (Fig. 1(b)).

The radiation response of synthetic coffinite was investigated
by 1 MeV Kr?* irradiation. lon irradiation and in situ TEM observa-
tions were performed using the IVEM-Tandem Facility at the Ar-
gonne National Laboratory from room temperature to 623 K.
During irradiation, the ion beam was aligned approximately nor-
mal to the sample surface. The ion flux was 6.25 x 10'! ions/
cm? s. The crystalline-to-amorphous transformation was observed
intermittently by observing the SAED pattern and by in situ
HRTEM imaging. The critical amorphization fluence (F.), at which
complete amorphization occurs, was experimentally determined
by noting the fluence at which all of the diffraction maxima disap-
peared in the SAED patterns. Different grains of coffinite were
monitored during the ion irradiations, and final doses were ob-
tained by averaging the experimental data of typically more than
10 grains. Before the irradiation, the powdered samples were
heated at the desired temperature for 30 min in order to achieve
a more uniform temperature. Furthermore, different grains, either
attached or close to the copper grid, were selected for investiga-
tion in order to minimize the uncertainty in temperature. The crit-
ical amorphization fluence, F, in ions/cm? was converted to
critical dose, D¢, in the unit of displacements per atom (dpa) using
SRIM-2008 full cascade simulations. No displacement energies, Eg,
are available for coffinite; thus, the displacement energies for zir-
con, 79 eV (A-site cation), 23 eV (Si), and 47 eV (O) [26,27], were
used for the SRIM-2008 calculation for coffinite in order to com-
pare its behavior with the results for zircon and thorite in previ-
ous studies [21-23].

3. Results and discussion

A sequence of SAED patterns of synthetic coffinite subjected to
1 MeV Kr?* at different doses at room temperature are shown in
Fig. 2. The polycrystalline ring patterns, characteristic of nano-
structured materials, gradually faded with increasing radiation flu-
ence, and complete amorphization occurred at a dose of 0.27 dpa,
as shown in Fig. 2(d) in which only diffuse halos in the diffraction
pattern were observed. In situ HRTEM images (Fig. 3) of a coffinite
particle viewed along [1-11] zone axis clearly show the disruption
of the lattice fringes with increasing dose. The lattice fringes are al-
most entirely lost at a dose of ~0.38 dpa. The relatively high dose
for this particular particle, as compared with the critical value
(0.27 dpa) determined from SAED pattern (Fig. 2(d)), can be attrib-
uted to the channeling effects along the zone axis, causing less en-

Fig. 2. A sequence of SAED patterns of synthetic coffinite subject to 1 MeV Kr?*
irradiation at room temperature at different doses: (a) unirradiated, (b) 0.13, (c)
0.21, and (d) 0.28 dpa. The critical amorphization dose at room temperature can be
determined as ~0.28 dpa.

Fig. 1. Bright-field (a) and high resolution TEM (b) images showing the size, morphology, and structure of synthetic nano-sized coffinite. Inset is a SAED pattern, consistent

with tetragonal coffinite.
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Fig. 3. In situ HRTEM images showing the evolution of a coffinite nanoparticle along [1-11] zone axis as a function of radiation doses: (a) 0, (b) 0.21, (c) 0.33, and (d) 0.38 dpa.

ergy to be transferred to target atoms. In addition to the radiation-
induced, crystalline-to-amorphous structural transition, we also
found that the facets of the synthetic coffinite nanoparticles disap-
peared, and the resulting amorphous particles were rounded in
shape. The combination of SAED patterns and in situ HRTEM
images indicated that the structure and morphology of synthetic
coffinite are sensitive to radiation damage at room temperature.
The critical amorphization dose is slightly higher than those of zir-
con (0.17 dpa), hafnon (0.22 dpa) and thorite (0.16 dpa) upon
800 keV Kr* ion irradiation [16]. Considering that lower amounts
of nuclear energy loss caused by higher energy bombardment in
coffinite, the radiation response of ultra-fine coffinite particles is
similar to that of isostructural zircon, hafnon and thorite, and the
critical amorphization doses at room temperature are within
experimental error.

Irradiation-induced amorphization is a dynamic balance be-
tween irradiation-induced defect production and defect recovery
processes. Fig. 4 shows the temperature dependence of ultra-fine
coffinite subjected to 1 MeV Kr?" irradiation. The critical amorph-
ization dose increases at elevated temperatures due to dynamic
annealing. Based on a direct impact model [28,29], the tempera-
ture dependence of amorphization dose, D, can be expressed by:

Do

De=1— exp[(E./k)((1/T.) — (1/T)] W

where Dy is the amorphization dose extrapolated to absolute zero -
the point at which no annealing can occur. E, is the activation en-
ergy for the dynamic annealing process during irradiation; T, is
the critical amorphization temperature above which amorphization
cannot occur. Based on Eq. (1), the critical amorphization tempera-
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Fig. 4. Temperature dependence of radiation-induced amorphization of synthetic
coffinite subject to 1MeV Kr?*. The critical amorphization temperature was
determined to be 608 K.

ture, T,, and activation energy of recrystallization, E,, can be deter-
mined (Table 1). However, the calculated activation energy is
strongly dependent on the model used to fit the curve of the tem-
perature dependence of the critical amorphization dose (Fig. 4),
and significant uncertainty can be introduced depending on the
damage accumulation model that is used [30]. Thus, these calcu-
lated activation energies are less useful than the critical amorphiza-
tion temperature, T, in evaluating a material’s ‘susceptibility’ to
radiation-induced amorphization.
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Table 1
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The ratio of electronic to nuclear stopping power (ENSP) based on a full cascade calculation using SRIM-2008, critical amorphization fluence and dose at room temperature,
calculated activation energy, E,, and critical amorphization temperature, T, phase decomposition temperature, T;, from amorphous matrix, and the temperature range of the two-
phase region based on corresponding phase diagrams for coffinite (this study) and isostructural orthosilicates [16].

Compound Irradiation source ENSP F. (10'* jons/cm?) D (dpa) Activation energy (eV)" T, (K) T (K) Two-phase co-existence region (K)
Zircon 800 keV Kr* 1.09 1.48 0.17 33 1000 900 1960-2675

Hafnon 800 keV Kr* 1.21 1.50 0.22 3.5 1070 950 2025-2875

Thorite 800 keV Kr* 1.10 1.15 0.16 >3.6 >1100 1000 2250-2475

Coffinite 1 MeV Kr?* 1.19 2.06 0.28 0.28 608 573" >673

" Thermally-induced phase decomposition occurred in amorphous coffinite. Activation energy for defect annealing and critical amorphization temperature was derived

based on a two-stage model for other orthosilicates [16].

The critical amorphization temperature, T, above which com-
plete amorphization cannot be achieved, was determined to
608 + 1 K for synthetic coffinite upon 1 MeV Kr?* irradiation, signif-
icantly lower than that of isostructural zircon, hafnon and thorite
upon 800 keV Kr* irradiation. The critical amorphization tempera-
tures for bulk zircon, hafnon and thorite are 1000, 1070 and above
1100 K, respectively [21]. The calculated activation energy for the
dynamic defect annealing for coffinite subjected to 1 MeV Kr?* irra-
diation is low (0.28 £ 0.01 eV), as compared with 3.3 eV for ZrSiO4
and 3.1 eV for ThSiO4 [21]. Although coffinite appears to be as sen-
sitive to radiation damage as isostructural zircon, hafnon and tho-
rite at lower temperatures, the defect recovery efficiency for
coffinite at elevated temperatures is greater than that of zircon,
hafnon and thorite. Based on their critical amorphization temper-
atures, the resistance of these isostructural orthosilicates to ion
irradiation-induced amorphization can be ranked (most stable to
least stable) as: nano-sized coffinite > bulk zircon and haf-
non > bulk thorite.

The large difference in the radiation response at elevated tem-
peratures reflects a fundamental difference in the amorphization
and recrystallization kinetics between coffinite and the other iso-
structural orthosilicates. Various empirical factors have been em-
ployed to explain the radiation response of complex ceramics,
such as the cation size [31], structural connectivity [32], ionicity
[33] and the original degree of disorder [34]. For orthosilicates,
e.g., ThSiO4, huttonite with a monoclinic structure displays a great-
er resistance to amorphization than tetragonal thorite. Similarly,
radiation damage can be easily annealed in the monazite struc-
ture-type, as compared with the zircon structure-type [30]. The
tetragonal orthophosphate is more resistant to radiation damage
than orthosilicates, suggesting that the chemical composition and
degree of polymerization can have a significant effect on the radi-
ation response of complex ceramics [30]. Because coffinite is iso-
structural with zircon, hafnon and thorite, we expected that
radiation-induced amorphization should occur at roughly similar
fluencies. It has also been reported that the critical amorphization
temperature increases with higher mass of the cations for a num-
ber of phases of variable composition: pyrochlore [35], perovskite
[36], monazite and zircon-type structures [30]. The structure-type,
ABQ,4, with heavier A-site cation mass has a higher amorphization
temperature [30]. Thus, based on the mass difference, coffinite
with the heaviest cation (my > mzyr) should be more susceptible
to ion-beam-induced amorphization; however, our results clearly
indicate that the critical amorphization temperature for synthetic
nano-sized coffinite is actually much lower than those of bulk zir-
con and hafnon.

The ion beam conditions (ion mass and energy) significantly
influence the damage process (e.g., low energy heavier ions create
a large cascade size with less defect annealing), and thus the crit-
ical amorphization temperature. As an example, for the zircon
structure, the critical amorphization temperature upon 1.5 MeV
Xe* irradiation is 1040 K, slightly higher than that of 800 keV Kr*
[16]. The ratio of electronic to nuclear stopping power (ENSP) has

been found to correlate well with the amorphization resistance
for some complex ceramics including the orthosilicate phases
[30]. Ionizing radiation may promote the annealing and recrystal-
lization of the amorphous domains, leading to greater amorphiza-
tion resistance. Based on full cascade calculations using SRIM-2008
with exactly the same displacement energies for coffinite, zircon
and thorite, the ENSP ratio for coffinite upon 1 MeV Kr?* is similar
to that of zircon and thorite subjected to the 800 keV Kr* ion irra-
diation (see Table 1). This comparison suggests that the ion mass,
structure, composition, bond-type and ENSP cannot explain the
greater amorphization resistance of ultra-fine coffinite as com-
pared with isostructural bulk zircon and thorite.

The greater amorphization resistance of this synthetic coffinite
may be related to the fact that the individual crystals are nanome-
ters in size. Nanostructured materials can display a dramatically
different behavior under intense radiation fields as compared with
their bulk counterparts. Specifically, nanostructured materials
have a high surface-to-volume ratio, and the greater surface area
may provide sinks for point defects and defect cluster annihilation.
As the size of a crystal decreases to the nano-scale regime, below a
critical value, comparable to the characteristic diffusion length of
defects, defects may be easily annihilated. Previous studies have
reported the enhanced radiation performance for nanostructured
materials. For example, a large increase in the amorphization resis-
tance was reported for single-phase nanocrystalline spinel as com-
pared with a polycrystalline aggregate [37]. A nanocrystalline
Tise.4Nisgg alloy with a grain size of 23-31 nm retained its long-
range order, while its coarse-grained counterpart was amorphized
at the same dose upon 1.5 MeV Ar” ion irradiation at room temper-
ature [38]. We have also recently reported a greatly-enhanced
radiation resistance for nanocrystalline pyrochlore [39].

The increasing resistance to ion-beam-induced amorphization
at elevated temperatures in nano-sized coffinite, as compared with
bulk zircon and thorite further underscores the importance of crys-
tal size in controlling phase stability, and thus, materials perfor-
mance in an irradiation environment. On the other hand, the
ultra-fine coffinite displayed a similar radiation response at room
temperature, comparable to that of bulk zircon and thorite, sug-
gesting that the defect production processes are similar and no sig-
nificant annealing occurred at room temperature, for which the
defects may have lower mobility. With increasing irradiation tem-
perature, defects will recover quickly in nanostructured coffinite,
as compared with bulk zircon and thorite, leading to dramatically
increased amorphization doses. Above the critical amorphization
temperature, all of the defects created by energetic beam irradia-
tions are annealed; thus, no amorphization can occur. The inter-
play among defect production and annealing, temperature and
crystal size is important in predicting materials performance under
intense radiation fields.

Zircon and hafnon have been shown to decompose upon ion
beam irradiations at temperatures close or above the critical amor-
phization temperature, at which materials decompose into compo-
nent oxide nanoparticles (ZrO, or HfO;) and silica-rich, SiO,,
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domains [20-22]. The phase decomposition occurs in the amor-
phous matrix at temperatures above 900 K for ZrSiO4 and ~950 K
for HfSiO4 upon continuous irradiation, and it can directly occur
in crystalline matrix upon irradiation at temperatures above T,
without the formation of the intermediate amorphous phase
[20]. A similar radiation-induced decomposition was observed in
amorphous ThSiO,4 irradiated above 1000 K [21]; however, it did

."B'efore"frr.'acll,iation_‘ ’

»
A

Fig. 5. Bright-field TEM images and corresponding SAED patterns show the
morphology and structure of synthetic coffinites at 623 K before and after
irradiation at a dose of 2.52 dpa. No direct phase decomposition occurred upon
thermal annealing or ion beam irradiation at 623 K.

not decompose directly to the component oxides at the highest
obtainable temperature (1100 K). The formation of ZrO, and HfO,
did not occur in pre-amorphized ZrSiO4 upon thermal annealing
at a temperature of 1100 K as well. At a higher temperature of
1275 K, the phase decomposition to ZrO, and silica occurred in
amorphous Pu-zircon and amorphous (metamict) natural zircons
[40].

The irradiation-induced phase decomposition of zircon and haf-
non has been explained by the thermal spike mechanism [41], by
which the high-energy irradiation creates a ‘liquid-like’ state with-
in displacement cascades. A crystalline ZrO, phase may coexist
with a silica-rich liquid phase within temperature range of 1960
and 2675 K based on the Zr0,-SiO, phase diagram [42]. Irradiation
at elevated temperature may allow the nucleation of crystalline
Zr0O, by decreasing the cooling rate at temperatures of the two-
phase region upon cascade quenching, leading to precipitation
and phase decomposition. Comparing the phase decomposition
behaviors of ZrSiO4, HfSiO4 and ThSiOy4, the phase decomposition
temperature correlates with the temperature region within which
two-phases coexist based on the corresponding phase diagrams
[21].

Unlike ZrSiO4 and HfSiOg4, for synthetic coffinite, no chemical
decomposition of the crystalline matrix was observed upon irradi-
ations at 623 K, slightly above the critical amorphization tempera-
ture, and the coffinite structure persisted to a dose of 2.52 dpa (see
Fig. 5). The morphology (e.g., shape and size) of synthetic coffinite
remained unchanged. Instead, upon thermal annealing at 573 K in
less than 30 min, slightly below the critical amorphization temper-
ature, recrystallization occurred and random distributed nanopar-
ticles formed. By indexing FFT image of the high resolution TEM
images, both coffinite and uraninite nanocrystals were found to
be co-existed (Fig. 6). This result suggests that phase decomposi-
tion process may occur in amorphous coffinite domains upon ther-
mal annealing at a temperature as low as 573 K, leading to the
formation of UO, nanocrystals and SiO,-rich zones. Naturally
occurring coffinite has been reported to decompose into UO, and
amorphous silica when heated above 673 K [43]. The same study
has reported that synthetic coffinite is thermally stable in a vac-
uum for at least 5 h at 973 K [43]. Therefore, the two-phase (UO,
and amorphous silica) region is expected to be more stable as com-
pared with those of synthetic coffinite for temperatures higher
than 673 K. The lower phase decomposition temperature in pre-
amorphized coffinite in this study, than these of natural and syn-
thetic coffinite upon thermal annealing, suggests that defect pro-
duction and accumulation due to radiation damage may decrease

+UO, (111)
offinite (114

Fig. 6. High resolution TEM images show thermal annealing-induced recrystallization (b) at 573 K from pre-amorphized coffinite (a) created by 1 MeV Kr?* irradiation at
room temperature at a dose of 0.38 dpa. The co-existence of coffinite and uraninite nanocrystals as indexed from the FFT image (inset in Fig. 5b) suggests that, in addition to
thermally-induced recrystallization, phase decomposition also occurs in amorphous coffinite at 573 K, leading to the formation of UO, nanocrystals.
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the stability and enhance the phase decomposition processes of
coffinite. The enhanced self diffusion in an amorphous state as
compared with crystalline materials may accelerate the phase
decomposition process in synthetic coffinite. By comparing the
irradiation and thermal annealing results for coffinite, zircon, haf-
non and thorite, we demonstrate that there might be a good corre-
lation among the critical amorphization temperature, T., phase
decomposition temperature, T, and the temperature range of the
two-phase (ZrO, and SiO;) co-existed region (Table 1).

4. Conclusions

In summary, we report the first irradiation results for synthetic
coffinite and compare its behavior in a radiation field to that of iso-
structural zircon, hafnon and thorite. The dose required for amor-
phization of nanocrystals of coffinite at room temperature is
similar to that of bulk zircon, hafnon and thorite. However, coffi-
nite has a greater resistance to amorphization at elevated temper-
atures. The lower critical amorphization temperature for nano-
sized coffinite provides an important example of nanostructured
materials having enhanced performance in intense irradiation
fields. Amorphous coffinite rapidly recrystallized back to coffinite
and uraninite nanocrystals upon thermal annealing at 573 K, and
the lower phase decomposition temperature for pre-amorphized
coffinite as compared with that of synthetic and natural coffinite
suggests that radiation-induced amorphization may decrease the
energy barrier to phase decomposition.
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