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a b s t r a c t

Oxyapatite[Ca2Nd8(SiO4)6O2] glass-ceramics have been suggested as wasteforms for the immobilisation
of rare-earth radioactive nuclides because of their high waste-loading capability and good chemical
durability. In particular, a partitioning effect is predicted to contribute to an enhancement of corrosion
resistance in glass-ceramics compared with that of conjugate glasses of the same composition. Because
rare-earths are inherently insoluble nuclides, detection of changes in corrosion behavior between glass-
ceramics and conjugate glasses under normal conditions is not easy. In this study, therefore, we revealed
the partitioning effect by exposing glass-ceramics and glasses to solution of pH 2, 7 and 10 at 90 �C for
20 d. In addition, we proposed the corrosion mechanism for oxyapatite glass-ceramics under various
corrosion conditions. Especially, the glassy phase dissolved first, followed by the oxyapatite phase during
pH 7 corrosion.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rare-earth (RE) radioactive wastes have been generated by re-
processing [1] and pyro-chemical processing [2] of spent fuels,
and various materials such as glasses [3,4], glass-ceramics (GCs) [5],
and ceramics [6] have been studied for the purpose of RE immo-
bilisation. GCs have an amorphous phase and one or more crys-
talline phases and are produced by controlled crystallisation. GCs
have been considered as wasteforms for RE because they have the
fabrication advantage of glass, as well as the special properties of
ceramics, such as high RE loading and good corrosion durability
[7e9]. In particular, oxyapatite GCs are known to exhibit high RE
loadings and chemical durability [10e12].

The corrosion advantage of GCs as a wasteform compared with
that of glasses or ceramics occurs by way of partitioning effect [13].
Here, partitioning refers to the structure in which RE nuclides are
incorporated in crystals and glasses, and encapsulated by glass.
That is, according to McCloy and Goel [13], chemical incorporation
. Um), hhgkim@kbsi.re.kr,

by Elsevier Korea LLC. This is an
occurs at the atomic scale, whereas encapsulation involves
embedding or physical sequestration at the macro-scale. The par-
titioning of GCs would have the effect of improving corrosion
durability, because the amorphous phase could serve as an addi-
tional barrier in the event that elements including RE nuclides
leach out of the crystal. In addition to partitioning effect, the oxy-
apatite phase has high RE loading and high chemical durability
compared to the glass matrix [14,15]. That's why we selected oxy-
aptite[Ca2Nd8(SiO4)6O2] crystal-containing GCs as wasteforms for
sequestering RE. In this study, we attempted to identify the parti-
tioning of oxyapatite GCs directly through elemental mapping, and
revealed the corrosion behaviors of the GC in various pH
environment.

Oxyapatite GCs exhibit hexagonal-structured crystals, which
appear as dendrites [9]. If oxyapatite GCs are well-partitioned,
theoretically, the leaching of the target elements such as Ce and
Nd from the GCs to aqueous environments should be retarded
compared to those from the glasses. However, we could not
compare the released values between glass and GC from the pub-
lished leaching data (pH 7, 90 �C, 20 d) because the released con-
centrations of Nd and Ce were less than the analysis limit of
inductively coupled plasma mass spectrometry [7]. Thus, we
attempted to intentionally increase the leaching amount of the
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glass and GCs through exposure to a harsh solution environment.
Then, we investigated the effect of improving the corrosion dura-
bility of the GCs compared with that of the glasses. In addition, we
attempted to investigate the corrosion behaviours of the hexagonal
structural oxyapatite GCs.
Fig. 2. Appearance of the specimens after the corrosion experiments under various pH
conditions for 20 d at 90 �C. Note that a picture for the G2 could not be taken, because
it was fragmented during the corrosion experiment.
2. Materials and methods

The specimens were prepared according to the methods or
conditions described in the previous study by Kim et al. [9]. The
glasses with a composition of 46SiO2 - 12Na2O - 12B2O3 - 24CaO -
3CeO2 - 3Nd2O3 (mol%) was made bymelting at 1300 �C for 30 min.
It was devitrified by heat treatment at 750 �C for 3 h. The glasses
and GCs were cut to monoliths with a size of 10 � 10 � 2 mm and
polished on both 10 � 10 mm faces. To expose these specimens to
harsh dissolution conditions, a leaching solution was prepared
under a fume hood bymixing 1MHCl with deionised(DI)-water, for
a pH 2 solution and 1 M NaOH with DI-water for a pH 10 solution.
Pure DI-water was used as the pH 7 solution because measured pH
of the DI-water was 6.7 under fume hood. The exposed time of the
DI-water to air was adjusted within 1 min to prevent lowering pH
of the water by minimizing CO2 absorption. Each specimen was
placed on a net-shaped Teflon holder in a Teflon vessel with solu-
tions of pH 2, 7, and 10. Each vessel contained a glass surface to
solution volume ratio of 10 m�1 and was stored at 90 �C for 20 d.

The solution after corrosion was sampled with a 45 mm filter to
measure the pH and analyse the leached elemental concentrations
through inductively coupled plasma optical emission spectrometry
(ICP-OES, Activa, Horiba JY). The specimens after corrosion were
subjected to X-ray diffraction (XRD, PANalytical, EMPYREAN)
measurements with 40 V of generator voltage and 25 mA of tube
current without further polishing. From the XRD pattern, relative
weight fractions of phases of all specimens were analysed using
Highscore software applying direct derivation algorithm [16]. In
addition, they underwent Pt coating (40 mA for 30 s) followed by
secondary electron microscopy with 10 kV (SEM, JEOL, JSM-7401F).
To identify the partitioning effect, the polished GC before the
corrosion experiment was Pt-coated, and energy dispersive spec-
troscopy (EDS, JEOL, JSM-7401F) was performed. The specimens
after the corrosion test were named after the specimen type (Glass
(G) or Glass-ceramics (GC)) along with the pH condition of the
Fig. 1. Nd, Ce, Ca, Si, Na, and O elemental mapping of an oxyapatite crystal and neighbouring
750 �C for 3 h, which was measured by energy dispersive spectrometry.
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corrosion test. For example, GC2 refers to GC specimens exposed to
the pH 2 acidic solution.

3. Results and discussion

3.1. Partitioning effect of the oxyapatite glass-ceramics

Fig. 1 shows the EDS elemental mapping of the GCs before
dissolution. The upper-left part in Fig. 1 shows the SEM image of a
calcium neodymium (cerium) oxide silicate [Ca2Nd8-xCex(SiO4)6O2]
crystal and the others, showing the concentration mappings of
many elements, such as Si, Na, O, Ca, Nd, and Ce over the crystal.
The colours of Si, Na, and O in the crystalline phase are darker than
those in the glass matrix, which means that these elements are
depleted in the crystal. Even though Si and O are contained in the
crystalline phase based on the crystalline formula, they are still or
evenmore contained in the matrix phase when calculated from the
glass composition. For Na, the interpretation of the result should be
done carefully because unintended migration could be occurred
under an electron beam during EDS measurement [14]. These ele-
ments might play a substantial role in the amorphous phase: Si as a
glass network former and Na as a network modifier. Here, network
formers mean main constituents of glasses and they form a highly
cross-linked network of chemical bonds. And modifiers mean ad-
ditives for modifying the glass properties by breaking the strongly
bonded network in glasses [17]. Meanwhile, Nd and Ce are
concentrated inside the crystal, which coincides with the pre-
liminary results: 45 wt% of RE was concentrated inside the crys-
talline phases, which is 2.6-fold higher than the value in the glassy
phase [9]; however, this represents only the numerical data. The
glassy phase on the oxyapatite GCs, fabricated by heat treatment of the conjugate G at



Fig. 3. X-ray diffraction patterns obtained from the surface of the specimens after
immersion in various pH solutions for 20 d at 90 �C. Note that the G2 could not be
measured, because it was fragmented during the corrosion experiment.

Table 1
The relative weight fraction (%) of phases of all specimens after corrosion test ob-
tained by direct derivation algorithm [16].

Amorphous Oxyapatite Tobermorite Calcite Total

GC2 44.0 56.0 e e 100.0
GC7 24.9 75.1 e e 100.0
GC10 21.4 47.2 31.4 e 100.0

a(31.2) a(68.8) a(0.0) a(100.0)
G2 100.0 e e e 100.0
G7 100.0 e e e 100.0
G10 44.5 e 35.4 20.1 100.0

a ( ): Relative fraction of phases assuming that only oxyapatite and amorphous
phases exist in GC10.
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EDS mapping results in this study are the direct and intuitive evi-
dence of the partitioning of the target elements of the oxyapatite
GC. Concentrations of Ca cannot be distinguished between the two
sides, whichmeans that similar concentration of Ca are represented
in both phases.
Table 2
Normalized elemental mass release NLi [g$m�2] and dissolution rate ri [g$m�2$d�1] calcu
experiment for 20 days at 90 �C. Elements in the leachate were measured by ICP-OES. E

Specimens Elements

Ce Nd

G2 Ci 1413.70 2538.86
NLi 1463.29 1276.43
ri 73.16 63.82

GC2 Ci 1324.61 2510.21
NLi 1371.07 1262.02
ri 68.55 63.10

G7 Ci
aLoD aLoD

NLi e e

ri e e

GC7 Ci
aLoD aLoD

NLi e e

ri e e

G10 Ci
aLoD aLoD

NLi e e

ri e e

GC10 Ci
aLoD aLoD

NLi e e

ri e e

a LoD: limit of detection (<0.1 ppm) of ICP-OES.
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3.2. Appearance of the specimens after the corrosion

Fig. 2 shows the appearance of the specimens after immersion in
the pH 2, 7, and 10 solutions for 20 d. Original glasses showed a
transparent light brown colour, probably because of the presence of
Ce4þ and Nd3þ ions, and after the 3 h heat treatment at 750 �C, the
specimens became opaque with a grey colour [9]. The specimens
immersed in pH 7 solution (G7 and GC7) showed almost no colour
change, which may signify minor surface changes due to contact
with the pH 7 solution. Except for G7, all the other glasses were
altered by the harsh conditions of this experiment. G10 and GC10
turned lighter grey overall, and arbitrary patterns consisting of
white spots and grey parts were evident. The most remarkable
change was shown in G2 and GC2. Both were altered to be more
brittle and completely changed their original colours into white. A
picture of G2 could not be taken because it was fragmented during
the corrosion test in the acidic solution. This shows that these
specimens are chemically weaker in the acidic environment than in
the basic environment.
3.3. Surface precipitation after the corrosion

Fig. 3 shows the XRD patterns obtained from the surface of the G
and GCs after the corrosion test. In G2 and G7, no crystals formed.
Patterns obtained from the GC2, GC7, and GC10 after the corrosion
test matched with those of the Ca-Nd-silicate crystal [Ca2N-
d8(SiO4)6O2, oxyapatite, PDF #: 78-1038, hexagonal, P63/m], which
shows the same crystals that formed in the GC before the corrosion
test. This means that oxyapatite is still maintained, even under the
conditions of harsh acidic or basic leachate without a phase
disappearance. On the other hand, additional peaks were detected
from XRD pattern of G10 and GC10. For GC10, calcium silicate hy-
drate mineral [Ca2.25Si3O7.5(OH)1.5(H2O), tobermorite, PDF #: 83-
1520, orthorhombic, Imm2] were additionally formed in addition to
the oxyapatite phases. The tobermorite were known to one of the
secondary phases formed during alteration of representative waste
glasses such as international simple glass(ISG) and SON68 [18,19].
In addition to the tobermorite phase, calcite crystals [CaCO3, PDF#:
86-0174, hexagonal, R-3c] formed as a major phases on the G10
surface. These crystals are known to precipitate easily in alkaline
environments [20].
lated from the concentration Ci [ppm] of element i in solution from the dissolution
rror: ± 0.1%.

Si B Na Ca

138.89 814.35 1770.09 3504.44
46.76 1365.74 1395.85 1585.16
2.33 68.28 69.79 79.25
139.75 793.52 1732.64 3432.20
47.05 1330.81 1366.32 1552.49
2.35 66.54 68.31 77.62
14.94 4.42 10.68 10.07
5.03 7.41 8.42 4.55
0.25 0.37 0.42 0.22
18.21 4.20 11.06 10.04
6.13 7.04 8.72 4.54
0.30 0.35 0.43 0.22
87.75 42.82 22344.19 aLoD
29.54 71.81 17620.14 e

1.47 3.59 881.01 e

84.38 37.25 21983.04 aLoD
28.41 62.47 17335.35 e

1.42 3.12 866.76 e



Fig. 4. Scanning electron micrographs of surfaces of (a-b) G7, (c-d) G10, (e-f) GC2, (g-h)
GC7, and (i-j) GC10 after corrosion for 20 d at 90 �C. Note that the G2 could not be
measured, because it was fragmented during the corrosion experiment.

M. Kim, J. Kang, J.-H. Yoon et al. Nuclear Engineering and Technology 54 (2022) 997e1002
The relative weight fractions of phases of all specimens after the
corrosion test were listed in Table 1. Basically, glass specimens
including G2 and G7 consist of only amorphous phase even after
corrosion. However, 25.4% tobermorite and 20.1% calcite addition-
ally formed in G10 due to the alkaline solution regardless of exis-
tence of the oxyapatite phase in the specimen. For GC specimens,
oxyapatite of 56.0% in GC2 and of 75.1% in GC7 was present as only
crystalline phase. 31.4% tobermorite were additionally formed
during corrosion test in addition to 47.2% oxyapatite and 21.4%
amorphous phase. But for GC10, even though 31.4% tobermorite
were additionally formed during corrosion test, we recalculated the
phase fractions of GC10 assuming that only oxyapatite crystals exist
in GC10 for clear comparison with other GC specimens. As a result,
the remaining fraction of oxyapatite phase among GCs was in the
order of GC7(75.1%) > GC10 (68.8%) > GC2(56.0%) and fraction of
amorphous phase showed the reverse order of that of oxyapatite.

3.4. Corrosion characteristics from released elemental
concentration

Table 2 represents the normalized elemental mass release NLi
[g$m�2] and dissolution rate ri [g$m�2$d�1] calculated from the
concentration Ci [ppm] of element i in solution from the dissolution
experiment for 20 days at 90 �C. The released concentrations of Ce
and Nd measured after the corrosion test in pH 7 and 10 were still
less than the detection limit of ICP-OES. However, in pH 2 solution,
the released Ce and Nd amounts were higher than the detection
limits. There was certainly significant elemental release at pH 2,
and both glass and GC weremore vulnerable to acidic leachate than
to the other two solutions.

As the released amounts of the target elements were above the
limits at pH 2, we could compare the corrosion properties between
the G and the GC, at least for acidic case, as intended. The
normalized releases of Ce were 1463 g m�2 for the G and
1371 g m�2 for the GC, and those of Nd were 1276 g m�2 for the G
and 1262 g m�2 for the GC. Although it was not a big difference, the
corrosion of Ce and Nd in the GCs were shown to decrease
compared with the non-partitioned G (Error: ± 0.1%), which is
consistent with our prediction.

Other elements such as Si, B, and Na in both the glass and the GC
exhibited U-shaped behaviour, which was considered as general
pH-dependent behaviours in glass [21,22]. The released amounts of
Si and B were in the order of pH 2 > pH 10 > pH 7; however, the
difference between the glass and the GC at each pH of these ele-
ments was not large. The major components of the glassy matrix, Si
and B, are more vulnerable to the acidic environment than to the
basic environment. Meanwhile, Na was in the order of pH 10 > pH
2 > pH 7. The reason for the high Na concentration in pH 10 is that
NaOHwas already included in the basic solution. Thus, the released
behaviour of the Na leached from the G10 and GC10 specimens
itself would be similar to that of Si and B. Uniquely, the Ca con-
centration was revealed to be below the detection limits in the pH
10 environment. That could be why the Ca, leached from the
specimen to the solution, was re-consumed by re-precipitation on
the specimen surface as a secondary phase, not remaining in the
solution along with the other elements. That is compatible with the
formation of calcite [CaCO3] on G10 from the XRD results.

3.5. Surface alteration after the corrosion

Fig. 4 represents the SEM micrographs measured from the
glasses and GCs after the corrosion test. The G7 surface was ho-
mogeneous, even after the corrosion experiments, which seemed
to be almost same as that of the un-leached glass. The surface of
GC7 was ordinary flat (as shown in the previous paper [7]) because
1000
it was polished prior to the corrosion. After the corrosion, notably,
the difference in height between the glassy matrix and the oxy-
apatite phase was clearly apparent. Oxyapatite crystalline phases
on the GC seem to be more resistant against corrosion than the
glassy phase in the GC.

On the surface of G10, something appeared to precipitates with
a rock shape and platy shape (Fig. 4c and d). The rock shaped
crystals with around 80 - 90 mm was found to be calcite, based on
the XRD and EDS results (see supporting materials). The other
crystals seem to be tobermorite, the image of which is well
matched with previously published results [23]. The surface
structures of GC2 and GC10, measured from XRD, were oxyapatite
phases, but they were fragmented to a few mm, unlike what was
formed with the so-called dendrite -shape of size greater than
100 mm before the corrosion. The extreme pH solution is also more
unstable compared with the neutral condition, not only for glass
but also for GC. Broken residues of GC2 seems to be fainter than
those of GC10.



Fig. 5. Schematic diagram of corrosion behaviours in oxyapatite glass-ceramics immersed in various pH solutions at 90 �C for 20 d.
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3.6. Corrosion mechanisms of the oxyapatite glass-ceramics

Based on the results we obtained, we suggest the corrosion
mechanism of the oxyapatite GCs for the various pH conditions
(Fig. 5). When the oxyapatite GCs were immersed in the pH 2 or pH
10 solutions at 90 �C for 20 d, oxyapatite crystals were broken to
pieces, losing their dendrite shape during the corrosion experi-
ments, based on the SEM data; however, their hexagonal crystal
structures were maintained without changes, based on the XRD
patterns. Meanwhile, in the moderate case such as DI-water, the
overall dendrite-shape of the oxyapatites still remained, even
though some portions of the crystalline phases were broken.
Corrosion of the oxyapatites and glassy phase in the GC did not
occur at the same rate; however, based on the height difference
between the two phases, we found that the glassy phase dissolved
first and the oxyapatite later. In terms of the elemental concen-
trations of the pH 7 leachate, the released concentration in both the
glass and the GC are similar. Therefore, the total released amounts
of the glass and the GC are similar; however, the glass is leached as
a whole, and the GC appears to leach first from the glassy phase
prior to the oxyapatite. As we extend the corrosion time further, we
need to investigate how this mechanism would progress.

If we roughly calculate and compare the RE weight fraction in
the G7 and the GC7, we can obtain the RE element fraction of G7
(~29%) from previous study [7], the RE element fraction inside
oxyapatite phase of GC7 (~34% (¼ 75% (the fraction of oxyapatite
phase from XRD in Table 1) * 45% (the RE weight fraction of oxy-
apatite phase from EDS of previous study [7])) and that inside
amorphous phase of GC7 (~5% (¼ 25% (the fraction of amorphous
phase from XRD in Table 1) * 18% (the RE weight fraction of
amorphous phase from EDS of previous study [7])). Based on this
calculation, assuming the released RE concentrations of the G7 and
the GC7 are the same, it can be calculated that the ratio of the
leached thickness (the thickness difference between specimen
before and after corrosion) of the G7, the oxyapatite crystalline
phase of GC7 and the amorphous phase of GC7 is 5:24:10 to satisfy
equation 34%*5 þ 5%*24 ¼ 29%*10.

Although the advantages of GC-wasteforms have been sug-
gested in terms of the simple manufacturing process and good
chemical durability in theory, in practice, it is not well proven
whether or not the corrosion durability of GC is improved
compared to glass [24]. However, this study reveals why the
corrosion characteristics of the target elements such as REs in the
GC, which is easily manufactured only by additional heat treat-
ment, are improved over those of glasses. That is, because the
corrosion resistance of the crystalline phase containing the target
elements in the GC is better than that of the glass matrix, it has
been visually proven that the outflow of the nuclides incorporated
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in the crystalline phase can be delayed. Especially, this visual
microscopic analysis of our study distinguish this study from pre-
vious references [22].

4. Conclusions

First, we visually demonstrated the partitioning of rare-earth
elements in oxyapatite GCs. Ce and Nd had greater concentra-
tions in the oxyapatite phase than in the amorphous matrix phase,
whereas the other elements were depleted in the oxyapatite phase.
To investigate the effect of partitioning on the corrosion of the GCs,
we exposed the specimens to acid (pH 2) and basic (pH 10) solu-
tions and performed a corrosion test. Results showed that the
released values of Ce and Nd from the GCs were lower than those
from the glasses when immersed in the pH 2 solution. In addition,
G7 remained as a transparent and homogeneous glass, even after
the corrosion test. However, calcite and tobermorite phases were
precipitated on G10. For all the GC specimens, oxyapatite crystals
survived during the corrosion test. However, the dendrite shapes of
the oxyapatite were broken in the GC2 and GC10 samples, even
though the shapes on GC7 survived. During the corrosion of the
oxyapatite GCs in pH 7, the glassy phase dissolved first, followed by
the oxyapatite phase.
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