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Spark-plasma-sintered lead vanadate iodoapatite Pb9.85
(VO4)6I1.7, a promising nuclear waste form for the immobiliza-

tion of I-129, was irradiated with energetic ions, electrons, and

gamma rays, to investigate its radiation stability. In situ TEM
observation of the 1 MeV Kr2+ irradiation shows that lead van-

adate iodoapatite generally exhibits higher tolerance against ion

irradiation-induced amorphization than lead vanadate fluorapa-
tite, and the spark plasma sintering can further enhance its radi-

ation stability attributed to the enhanced crystallinity, reduced

defect concentration, and denser microstructure. The critical

amorphization dose and critical temperature for the SPS-densi-
fied iodoapatite at 700°C are determined to be 0.25 dpa at room

temperature and 230°C, respectively. No significant phase trans-

formation or microstructural damage occurred under energetic

electron and gamma irradiations. Raman spectra of gamma-ray-
irradiated iodoapatite indicate improved V–O bond order at

500 kGy dose. Generally, the spark-plasma-sintered iodoapatite

exhibits excellent radiation stability for nuclear waste form
applications. The significantly enhanced radiation stability of the

SPS-densified iodoapatite suggests that SPS holds great promise

for fabricating iodoapatite waste form with minimum iodine loss

and optimized radiation tolerance for effective management of
highly volatile I-129.

I. Introduction

THE management of radioactive wastes, particularly the
long-lived actinides such as Pu, Np, and Am, and vari-

ous types of fission products (FP) such as Cs-135, Sr-90, and
I-129, is crucial to the development of safe nuclear energy.
The volatile I-129 is a particularly troublesome FP due to its
high mobility, volatility, and extremely long half-life of
15.7 million years, which requires a specially designed waste
form for its long-term immobilization and disposal in geolog-
ical repositories. The apatite structure-type AI

4A
II
6(BO4)6X2

(AI, AII = alkali, alkaline earths, rare earths, fission prod-
ucts, or actinides, B = Si, P, V, or Cr, and X = OH, O,
or halogens) has an open-frame structure, in which six equiv-
alent BO4 tetrahedra are corner-connected to AO6 metaprism
columns to form one-dimensional tunnels that can accommo-
date large anionic species, such as iodine. Its high structural
flexibility and excellent chemical durability make it a promis-
ing host phase for the immobilization of a wide range of
radionuclides, especially the volatile I-129.1–3 Extensive
efforts have been made to effectively incorporate I-1291,4–6

and several other FPs7–9 and actinides10–15 into the apatite
structure for long-term geological disposal.

Lead vanadate iodoapatite Pb10(VO4)6I2, whose large
A- and B-site atoms of Pb and V enable high loading of
iodine anions in the tunnel, is a particularly suitable waste
form candidate for the immobilization of I-129, along with
other FPs and actinides. As a result, various experimental
methods have been adopted to fabricate iodoapatite with
purpose of improving I-129 waste management.1,4,6,16,17 Due
to the high mobility of iodine, the stability of the incorpo-
rated I-129 in the lead vanadate iodoapatite is of particular
concern because the complex thermal and radiation environ-
ment of the waste form could potentially cause the release of
I-129 to the surrounding environment. The iodine leaching
rates in iodoapatite fabricated by conventional hot-pressing
method were reported to be either higher than or comparable
to AgI glass waste form.18,19 Recently, a fabrication method
combining low-temperature high-energy ball milling (HEBM)
synthesis and spark plasma sintering (SPS) consolidation has
been reported, which significantly reduces iodine loss during
fabrication and greatly improves the thermal stability of the
iodoapatite.16,17 Specifically, as compared with previously
reported methods, the HEBM synthesis method exhibits
lower crystallization temperature, improved thermal stability,
a higher decomposition temperature, and excellent iodine
confinement for the iodoapatite.16 The SPS consolidation fur-
ther improves the thermal stability of the bulk iodoapatite,
such that the structure remains highly stable up to a high
temperature of 670°C, and the complete iodine loss does not
occur until a very high temperature of 800°C is reached.17

The apatite-based nuclear waste form can incorporate a
wide range of radionuclides including Pu-239, Am-241, Np-
237, Sr-90, Tc-99, Cs-135, Cs-137, and I-129.1,8,9,11,15 These
radionuclides decay in different modes that generate energetic
alpha-particles and alpha-recoils (in actinides), beta particles
(in most FPs), and gamma rays (in FPs like I-129 and Cs-
137), which can create complex radiation environments in
the waste form. Considering the extremely long period
required for geological disposition, the accumulation of radi-
ation damage could potentially amorphize iodoapatite,
reduce its durability and cause the release of the incorporated
radionuclides,20 particularly the volatile I-129. Therefore, the
radiation tolerance of iodoapatite must be carefully evalu-
ated. The radiation stability of various apatite compositions
has been investigated previously, including natural F-rich
apatite,21 oxyapatite,22–24 hydroxyapatite,25 and fluorapa-
tite.25–27 However, the radiation stability of the I-129-bearing
iodoapatite waste form has not been investigated. In this
work, systematic irradiation experiments on the HEBM-syn-
thesized and SPS-densified iodoapatite samples were per-
formed to simulate the radiation effects caused by alpha,
beta, and gamma decays, and the phase stability of the sam-
ples under the different radiation conditions was studied for
evaluating their long-term performance as nuclear waste
forms. The results show significantly enhanced radiation sta-
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bility in SPS-densified iodoapatite, indicating that SPS holds
great promise for optimizing the fabrication of iodoapatite
waste form with minimum iodine loss and maximized radia-
tion tolerance.

II. Experimental Procedure

(1) Sample Preparation
Iodoapatite powders were prepared using low temperature
(~50°C) HEBM-induced solid-state synthesis in a Fritsch Pul-
verisette 7 Premium Line planetary ball mill, as described in a
previous report.16 The starting powder ingredients of PbI2,
PbO, and V2O5 were ball-milled by 2-mm-sized ZrO2 balls at
500 rpm for 20 h to form iodoapatite Pb9.85(VO4)6I1.7, which
has a minor iodine deficiency and hence a slight deviation
from the ideal stoichiometry of Pb10(VO4)6I2. The as-milled
iodoapatite samples existed in the form of nanocrystals,
mostly 4–10 nm in size, embedded in an amorphous matrix.
The subsequent 1-hour heat treatment at 300°C resulted in a
significant crystallization of the amorphous matrix and grain
coarsening to 30–50 nm in size [shown in Fig. 1(a)], which
exhibits a high iodine loading (>8 wt%) and greatly improved
thermal stability, as compared with conventionally high-tem-
perature-sintered iodoapatite.1,18,19,28 This ball-milled and
heat-treated sample is denoted by BM-300C. Consolidation of
the thermally treated iodoapatite powders was achieved by
SPS with a very high heating rate of 200°C/min and a short
temperature holding time of 1 min at the maximum tempera-
ture of 700°C,17 and the consolidated sample is denoted by
SPS-700C. Such a fast heating rate and short sintering dura-
tion enable the maintenance of the chemical composition and
structure of the lead vanadate apatite without iodine loss,
which usually occurs at this high-temperature range.

(2) Irradiation Experiments
The irradiations of the iodoapatite samples were carried out
in three different ways: energetic ion irradiation, electron

irradiation, and gamma ray irradiation. Energetic 1 MeV
Kr2+ irradiation was utilized to simulate the radiation dam-
age caused by the alpha decay events of the incorporated ac-
tinides in apatite waste forms. Generally, alpha decay is the
radiation source of greatest concern, because it is responsible
for the major radiation damages in ceramic waste forms,
such as radiation-induced amorphization and phase separa-
tion that have direct impact on the retention of the incorpo-
rated radionuclides, especially the highly mobile I-129. The
1 MeV Kr2+ irradiation was conducted using the IVEM-
Tandem facility at Argonne National Laboratory, which
combines a Hitachi H-9000NAR transmission electron
microscope (TEM) with ion accelerators to allow in situ
TEM observation of the radiation damage process. The SPS-
700C sample was ground and dispersed on a carbon-coated
TEM grid, before loaded in the TEM and irradiated by
1 MeV Kr2+, and the radiation-induced phase change was
closely monitored by selected area electron diffraction
(SAED). During ion irradiations, the TEM electron beam
was intentionally turned off to minimize the electron irradia-
tion effects. The BM-300C powder sample was also irradi-
ated and monitored in the same manner for comparison. A
TEM heating stage was used for irradiations at elevated tem-
peratures, to obtain the temperature dependence of the radia-
tion-induced amorphization. The Kr2+ fluences were
converted into the universal displacive radiation damage unit
of displacements per atom (dpa) by the SRIM 2008 program
using a displacement energy (Ed) of 50 eV for all the atoms,
as previously suggested by other studies based on theoretical
calculations.24,26,29

To simulate the effects of beta decay on iodoapatite,
200 keV, electron irradiations were conducted using the
focused electron beam and monitored in the same TEM.
Gamma irradiation was conducted on the SPS-densified pel-
lets using the LINAC facility at Rensselaer Polytechnic Insti-
tute, where a gamma ray with a continuous energy spectrum
in the MeV range was generated by deceleration (Brems-
strahlung) of a 15 MeV electron beam by a metal target,

(a) (b) (c)

Fig. 1. (a) A bright-field TEM image of the nanocrystalline BM-300C; (b) SAED pattern showing the diffraction rings of the unirradiated BM-
300C; (c) SAED pattern showing the amorphous halo of the BM-300C at irradiated by 1 MeV Kr2+ to 0.25 dpa at room temperature.

(a) (b) (c) (d)

Fig. 2. A sequence of SAED patterns showing the 1 MeV Kr2+ irradiation-induced amorphization process of BM-300C at 513 K: (a)
unirradiated crystalline sample; (b) 0.50 dpa; (c) 1.00 dpa; (d) complete amorphization at 2.81 dpa.
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with doses up to 500 kGy, a level known to cause structural,
microstructural and property changes in ceramic nuclear
wastes.30–32 Ex situ X-ray diffraction (XRD) and Raman
spectroscopy were conducted on the gamma-ray-irradiated
iodoapatite samples to determine the radiation effects.

III. Results and Discussion

(1) Ion Irradiation
The highly flexible, open frame structure of apatite allows the
incorporation of not only the voluminous I-129, but also vari-
ous actinides and FPs in the structure to achieve a very high
waste loading. When actinides are incorporated, their alpha
decay events will cause damage to the apatite host phase
mainly through elastic collisions and displacements of the lat-
tice atoms. In extreme cases, under long-term alpha decay irra-
diations, the originally crystalline apatite waste form can
undergo a crystalline-to-amorphous transformation, which
may lead to increased migration and eventual release of radio-
nuclide, especially I-129. Such displacive radiation-induced
amorphization have been reported in a wide range of ceramic
waste forms like monazite,33,34 pyrochlore,35,36 garnet,37,38 and
zircon.34,39 Recent studies have revealed that the radiation tol-
erance of crystalline ceramics depends on various factors
including chemical composition,26,35 structural ordering,40

grain size,33,41 and radiation condition.22,42 The purpose of the
1 MeV Kr2+ irradiation experiments is to investigate the radi-
ation stability of the SPS-consolidated iodoapatite samples
and determine the underlying factor that contributes to the
radiation tolerance. The two iodoapatite sample types of BM-
300C and SPS-700C were irradiated at different temperatures

and the data were compared, to determine the effect of SPS on
the radiation stability of iodoapatite.

Under 1 MeV Kr2+ irradiation at room temperature, BM-
300C underwent a radiation-induced amorphization as the
irradiation dose reached a critical dose (Dc) of 0.25 dpa
(1 9 1014 ions/cm2). As shown in the SAED patterns in
Figs. 1(b) and (c), before irradiation, the SAED pattern of
BM-300C shows clear diffraction rings from the 30–50-nm-
sized nanocrystalline particles [Fig. 1(b)]; at 0.25 dpa, the dif-
fraction rings completely disappeared and the diffuse halo
appeared [Fig. 1(c)], indicating a completely amorphous
state. At elevated temperature, the BM-300C exhibits signifi-
cant defect annealing, such that the Dc increased dramatically
when the temperature exceeded 500 K (227°C). Figure 2
shows a sequence of SAED patterns taken at different irradi-
ation doses at 513 K (240°C), in which the clear diffraction
rings from the unirradiated sample [Fig. 2(a)] gradually
dimmed upon increasing dose until they were completely
replaced by the amorphous halo at a Dc of 2.81 dpa
[Figs. 2(b)–(d)], 10 times higher than that at room tempera-
ture. The temperature dependence of the critical amorphiza-
tion dose Dc as shown in Fig. 3 was fit and plotted based on
a direct-impact-model-based empirical exponential equa-
tion:39,43

Dc ¼ D0

1� exp Ea

k

� �
1
Tc
� 1

T

� �h i

where D0 is the critical amorphization dose extrapolated at
T = 0 K, Ea is the activation energy for defect annealing,
and Tc is the critical amorphization temperature. The physi-
cal meaning of Tc is the upper temperature limit for the radi-
ation-induced amorphization to occur. When the
temperature exceeds Tc, all of the defects induced by irradia-
tion can be annealed such that complete amorphization can-
not occur. Therefore, Tc can also be used to indicate the
radiation tolerance of materials, of which a lower Tc usually
implies higher defect annealing capabilities at elevated tem-
peratures and hence greater tolerance against radiation-
induced amorphization. The temperature dependence curve
of Dc for the BM-300C sample is plotted in Fig. 3, and its Tc

is determined as 515 K. This Tc is confirmed by irradiation
experiment conducted at 523 K, merely 8 K higher than the
Tc, in which no complete amorphization was observed even
at a high dose of 6.25 dpa.

The lead vanadate iodoapatite Pb9.85(VO4)6I1.7 BM-300C
exhibits significantly higher radiation tolerance than the pre-
viously reported isostructural calcium and lead vanadate flu-
orapatite (PbxCa1�x)10(VO4)6F2.

26 As a comparison, the
temperature dependence curve of Dc of calcium vanadate flu-
orapatite Ca10(VO4)6F2 is also plotted in Fig. 3, showing a
lower room temperature Dc of 0.21 dpa and a higher Tc of
603 K. As the radiation tolerance of (PbxCa1�x)10(VO4)6F2

decreases with increasing Pb content,26 it is apparent that

Fig. 3. Temperature dependence curves of Dc for SPS-700C, BM-
300C and the previously reported Ca10(VO4)6F2

26 showing a
decreasing radiation tolerance from left to right. The open diamond
on the far right side indicates that Ca10(VO4)6F2 is still crystalline at
this point.

(a) (b) (c) (d)

Fig. 4. (a) A bright TEM image of powders mechanically ground from dense SPS-700C; (b–d) sequence of SAED patterns showing the 1 MeV
Kr2+ irradiation-induced amorphization of SPS-700C at 498 K: (b) unirradiated crystalline SPS-700C, (c) SPS-700C irradiated to 0.50 dpa; (d)
complete amorphization of SPS-700C at 3.75 dpa.
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lead vanadate iodoapatite Pb9.85(VO4)6I1.7 is much more
radiation tolerant than lead vanadate fluorapatite
Pb10(VO4)6F2, and the radiation tolerance order is
Pb9.85(VO4)6I1.7 > Ca10(VO4)6F2 > Pb10(VO4)6F2. The higher
radiation tolerance of iodoapatite than fluorapatite may be
attributed to difference in energy loss upon energetic charge
particle interaction. The energy loss of the incident ions is
mainly due to two mechanisms: the ballistic effect of nuclear
energy loss or nuclear stopping power (Sn) which can cause
atomic displacements and consequently amorphization of the
irradiated crystalline ceramics, and the electronic energy loss
or electronic stopping power (Se), of which a moderate value
may benefit the defect recovery process and enhance the radi-
ation tolerance.44–46 Therefore, higher ratios of electronic-to-
nuclear stopping power (ENSP) may result in higher radia-
tion tolerance. The substitution of iodine for fluorine in the
anionic position of apatite leads to a higher ENSP (0.626 vs.
0.613) as estimated by the SRIM-2008 program, which may
explain the higher radiation stability occurred in iodoapatite.

The SPS-densification process resulted in improved crystal-
linity, dense microstructure and a significant grain growth in
iodoapatite. The grain size grew from below 10 nm in BM-
300C to hundreds of nm or microns in SPS-700C, as shown
in Fig. 4(a). SPS-700C also exhibits even higher radiation
tolerance than BM-300C. At room temperature, radiation-
induced amorphization occurred at 0.25 dpa in SPS-700C,
similar to that in BM-300C. However, at elevated tempera-
ture, the Dc of SPS-700C increases more dramatically than
BM-300C. At 498 K, SPS-700C was not completely amor-
phized until the dose reached 3.75 dpa, as evidenced by the
sequence of SAED patterns taken at different doses in
Figs. 4(b)–(d). The irradiation experiments were also carried
out at elevated temperatures to obtain a set of Dc data
points used to generate a temperature dependence curve
plotted in Fig. 3. The Tc of SPS-700C is 502 K, lower than
that of BM-300C. A comparison of the radiation response of
SPS-700C iodoapatite, BM-300C iodoapatite, Ca10(VO4)6F2,
and Pb10(VO4)6F2 is given in Fig. 3, indicating the rad-
iation stability in the order of SPS-700C > BM-300C >
Ca10(VO4)6F2 > Pb10(VO4)6F2. Further enhancement in
the radiation tolerance by SPS is likely attributed to
improved crystallinity and structural ordering in the iodo-
apatite by high-temperature sintering and SPS rapid consoli-
dation.

(2) Electron and Gamma Irradiations
The 200 keV electron beam irradiation was used to simulate
the beta decay events associated with the incorporated I-129
and other FPs. As compared to 1 MeV Kr2+, the 200 keV
electrons are much less likely to cause atomic displacement
cascades in iodoapatite, as the energy is mostly lost to elec-
tronic stopping power Se and ionization in the materials. In
some cases, the electron beam irradiation can assist the
defect recovery and even facilitate the crystallization and
grain growth of displacive-radiation-damaged materi-
als.24,33,44 In situ TEM observation confirmed that no signifi-
cant amorphization, phase change or major microstructural
damage occurred in the electron beam irradiated BM-300C
and SPS-700C TEM samples.

The effects of gamma ray emission on the iodoapatite
waste form were investigated by gamma ray irradiation of
SPS-700C to different dose levels of 50, 100, and 500 kGy.
Ex situ XRD patterns of the irradiated SPS-700C showed
very little changes even at the highest dose of 500 kGy, indi-
cating that the crystal structure of iodoapatite remained the
same. However, Raman spectroscopic analysis revealed sub-
tle changes in the chemical bonding of iodoapatite upon
gamma irradiation. Raman spectra of the original and irradi-
ated samples are shown in Fig. 5(a), in which significant
changes are found in two regions: one in the higher wave
number range 750–850 cm�1 associated with the stretching

vibration of VO4 tetrahedra [Fig. 5(b)], and the other in the
lower wave number range 300–400 cm�1 associated with the
bending of the O–V–O bond [Fig. 5(c)].47 In Fig. 5(b), the
original sample shows the strongest peak centered around
813 cm�1, which is attributed to the Ag symmetric stretching
mode of the VO4 tetrahedra. The E2g asymmetric stretching
vibrational peak at 776 cm�1 is abnormally low as compared
to those previously reported.47–49 Upon gamma irradiation,

(a)

(b)

(c)

Fig. 5. Raman spectra of the unirradiated SPS-700C and samples
irradiated with 50, 100, and 500 kGy gamma ray: (a) overall wave
number range 200–1000 cm�1; (b) higher wave number range 750–
850 cm�1; (c) lower wave number range 300–400 cm�1.
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the changes in the VO4 stretching modes remained insignifi-
cant until the dose reached 500 kGy, when the E2g asymmet-
ric stretching peak at 776 cm�1 showed a remarkable
increase in intensity by two times, and the Ag symmetric
stretching mode shifted from 813 cm�1 to a higher wave
number of 823 cm�1. By adopting the empirical method pre-
sented by Hardcastle and Wachs,50 the changes in V–O bond
length and bond strength of iodoapatite at the highest
gamma ray dose can be related to the shifting of the Ag

stretching frequency, and their values were estimated by
using the following empirical functions. The bond length R is
given in

m ¼ 21349 expð�1:9176RÞ

and the bond strength s(V–O) is given by

sðV�OÞ ¼ 0:2912 ln
21349

m

� �� 	�5:1

where m is the vibrational frequency. As the Ag stretching
mode shifted from 813 to 823 cm�1, the V–O bond length
decreased from 1.704 to 1.698 �A, and the bond strength
increased from 1.2876 to 1.3124 vu (vu is the valence unit).
As the bond strength indicates the bond order, the vibration
frequency shift implies improved iodoapatite V–O bond
order upon gamma irradiation. In the lower wave number
range in Fig. 5(c), vibrational bands at ~305, 330, and
350 cm�1 corresponding to the asymmetric O–V–O bending
vibrational modes emerged at the highest dose of 500 kGy.
All these changes in the Raman spectra point to a more
ordered bonding structure in gamma-irradiated vanadate iod-
oapatite, which suggests that high dose gamma irradiation
may improve the V–O bond order in the SPS-700C sample.

Generally, the systematic ion, electron and gamma irradia-
tions indicate excellent radiation stability of the SPS-densified
iodoapatite used as a nuclear waste form. Under displacive
1 MeV Kr2+ irradiation, iodoapatite exhibits a Tc lower than
many types of apatites,26,36 garnet,37 pyrochlores,35 and zir-
cons51 proposed as nuclear waste forms, implying great defect
annealing at elevated temperatures. Furthermore, the SPS pro-
cessing further enhances the radiation tolerance of iodoapatite
and reduces the Tc from 515 K in BM-300C to 502 K in SPS-
700C. Therefore, other than an effective consolidation and
densification technique for the fabrication of iodine-bearing
ceramic waste forms, SPS also has the advantage of improving
the radiation tolerance against alpha-decay-induced amorph-
ization. The electron irradiations show insignificant effects of
beta decay events on the phase and microstructure of iodoapa-
tite. Intense gamma irradiation dose may enhance the V–O
bond order in the SPS-densified iodoapatite, probably due to
an ionization-assisted process. Overall, the spark-plasma-sin-
tered iodoapatite is a promising waste form that can remain
stable under complex radiation conditions in the long term.

IV. Conclusions

Systematic irradiations of the SPS-densified lead vanadate
iodoapatite were conducted to investigate its radiation stabil-
ity in the presence of different radiation sources of alpha-,
beta-, and gamma decays. The experimental results generally
indicate excellent radiation stability of the iodoapatite. Under
energetic ion irradiations, the SPS-700C iodoapatite shows
enhanced tolerance against radiation-induced amorphization,
as compared with as-milled lead vanadate iodoapatite, con-
ventionally synthesized lead vanadate fluorapatite, and many
other types of ceramic waste forms. The enhanced radiation
performance for the SPS-densified iodoapatite may be attrib-
uted to the improved crystallinity and dense microstructure.
In addition, the SPS-densified pellet is also largely stable

under beta irradiation and even shows improved bond order-
ing under intense gamma rays. Owing to its radiation stabil-
ity, the SPS-densified iodoapatite holds great promise for the
immobilization and disposal of I-129.
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