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Abstract

Pulse electric current sintering (PECS) method was applied to the fabrication of zeolite, hydroxyapatite (HAp) and fluorapatite (FAp) sintered
bodies that should be long-term assurance materials for the disposal of radioactive waste. The weight ratio of zeolite and apatite was ca. 3/7.
Zeolite powder evenly covered with HAp thin layers prepared by a hydrothermal method and spherical FAp powder by spray dryer were
employed for the PECS; the sample was sintered at@d0r 10 min at a rate of 50C/min under a uniaxial pressure of 50 MPa and then

cooled to 600C at 5°C/min in vacuum. The powder X-ray diffractions indicated that the structure of zeolite changed to the amorphous. The
zeolite powder was well dispersed in FAp matrix as the results of element mapping analyses by energy dispersive X-ray spectrometer. The
observations by a scanning transmission electron microscope indicated that amorphous zeolites were covered with needle-like HAp crystals
of which layer completely coupled with sintered FAp grains. The HAp thin layers thus play an important role for improving the affinity
between FAp matrix and the zeolite. The microhardness and three-point bending strength of the sintered bodies were also elucidated by a
dynamic-ultra microhardness tester and a universal tester, respectively.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction and SiQ tetrahedra linked together by oxygen sharing with
a three-dimensional open framework. The cations and water
High-level radioactive elements, such as cesium, stron- molecules diffuse through the channels and cavities as ion-
tium and iodine, are discharged in the processes of nuclearexchange sites. Of the synthesized zeolite, Linde type-A
power generation and nuclear reprocessing. These levels areeolite ((X124,)(Si12Al 12048)-24H,O, X = cation,n = cation
controlled by legislation on discharge limits in many coun- valence, LTA) witha- and B-cages has the highest cation
tries. It is, thus, important to develop long-term assurance exchange capacity (CEG)Therefore, LTA is widely used as
materials for adsorbing, fixing and preserving radioactive ele- an adsorbent for harmful and radioactive eleménts.
ments over a long period of time. Hydroxyapatite (Cey(POs)s(OH)2, HAp) has a very low
More than 100 different species of synthetic zeo- solubility of 5.4x 10~11° (Ksp; mol81-18) at a neutral pH
lites have been identifiet.Zeolites consist of a three- solution, and shows high stability in an alkaline solution
dimensional open-framework structure composed of AIO Furthermore, the Ksp of fluorapatite ({gePQy)sF2, FAP) is
8.1x 107121 which is lower than that of HAB.The HAp
* Corresponding author. Tel.: +81 76 248 9504; fax: +81 76 204 6723.  and/or FAp sintered bodies have been studied as one of
E-mail address: Yujiro@neptune.kanazawa-it.ac.jp (Y. Watanabe). long-term assurance matrices for preserving the radioactive
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elements. Akao et al. described the dense HAp sintered bod- of C&*, PO;3~ and F~ was adjusted to 10, 6 and 2. The resul-
ies by using a conventional sintering methddand a post  tant mixture was then aged for 1 day, and the final pH was
sintering method? Pulse electric current sintering (PECS) about 7.0. Spherical FAp powder was fabricated by a spray
method®15can fabricate the dense HAp sintered bodies with dryer (DL-41, YAMATO Sci. Co., Ltd, Japan). The suspen-
approximately 100% of relative density at lower temperature sion was atomized under a pressure of 1.5 MPa at a flow rate
and shorter duration compared to the conventional sintering of 500 ml/h, and inletand outlettemperatures of anozzle were
method due to the rapid heating rate. adjusted to 180 and 8, respectively. The spray-dried FAp

In our previous studie¥®1” LTA with HAp thin layers powder was calcined at 80C for 3 h to increase the crys-
was prepared by hydrothermal method in the cation exchangetallinity. The resultant sample was characterized by XRD and
processes of G4 to NH4*. This treatment did not destroy  SEM.
the cubic automorphism but changed its surface morphology
by covering completely with nano-HAp scaly particles. We 2-3- Fabrication of LTA with HAp thin layers/FAp
expect that the HAp thin layers play an important role for sintered bodies
improving the affinity between FAp as matrix and zeolite in
a sintering process.

Inthis study, the sintered bodies of LTA with HAp thin lay-
ers and FAp were fabricated by using the PECS method. Th
composites were characterized by XRD, SEM and STEM.
The microstructure and mechanical properties of the sin-
tered bodies were elucidated by using the dynamic-ultra-
microhardness tester and universal tester.

The LTA with HAp thin layers and the spherical FAp
powder were mixed at a weight ratio of 3/7. The obtained
epowder was sintered by using a pulse electric current sintering
method (PECS, Sumitomo Coal Mining, SPS-1030, Japan).
The sample was pressed uniaxially at 50 MPa in the vacuum
of 0.6 x 102 Pa throughout the sintering process. The tem-

perature was increased to 9@at a rate of 50C/min. After
keeping at 900C for 10 min, the sample was slowly cooled

to 600°C at a rate of 5C/min. The sample was cooled fur-
ther to room temperature after stopping the electric current
and releasing the pressure. The sintered bodies with 20 mm
) ) oy ) in diameter and 4 mm in thickness were characterized by
2.1. Preparation of LTA with Ca™ and HAp thin layers using XRD and SEM after polishing. The element mapping
on its surface analyses were carried out with an energy dispersive X-ray

) spectrometer (EDX, Jeol, JRD2200, Japan) equipped with
LTA powder (<200 meshes) with Na(Na-LTA) was SEM

purchased from Wako Pure Chemicals, Ltd., Japan. The
complete cation exchange of Néor C&2* was carried out different phases, i.e. LTA, HAp and FAp, was observed

by reacting 5.0g of Na-LTA in 500ml of 0.5moll Cal 5 scanning transmission electron microscope (STEM,
solution for 1h. _Th's Process was repeated three_ tlmes'Hitachi, HF2210, Japan). The element in the boundary struc-
The resultant solid was isolated with a membrane filter of .o \/as analyzed by an energy dispersive X-ray spec-

0.45um in pore si;e, and washed .with distilled water to trometer (EDX, Genesis4000, USA). The specimen with
remove excess cations. The LTA with €aCa-LTA) was 100 nm in thickness was prepared by a focused ion beam

obtained after dried at 10@ for 24 h. The hydrothermal method (FIB, Noran Vantage: FB-2100, USA) and a pick-up
treatment was conducted as follows. One gram of Ca-LTA method.

powder was immersed in 20ml of 1.0mol/l ammonium The microhardness of the sintered bodies was mea-

phosphate ((Ni)3POy) solution in a 100ml Teflon cup g raq with a dynamic-ultra- microhardness tester (Shimadzu,
fitted into a stainless-steal pressure vessel. The pH vaIueDUH_W201 Japan). The three-point bending strength and
of the solution was adjusted to 9 by adding an ammo- yqng's moduli were measured using a universal tester (Shi-
nium solution. The sample was heated at 10for 8h 54, AGS-H, Japan) with a crosshead speed of L mm/min.
and quenched, washed three times with distilled water and 14 size of the sample was 18 mn8 mmx 1 mm and the

dried at 100C for 24h. The samples were characterized ,\mper of samples for bending strength and Young’s modul
by X-ray diffractometer (XRD, Rigaku RINT2200, Japan) aaqurement was five. The measurements were conducted
and scanning electron microscope (SEM, Jeol, JISM-5600LV, three times to give the average values.

Japan).

2. Experimental procedures

The boundary structure in the sintered body with three

3. Results and discussion
2.2. Synthesis of spherical FAp powder

3.1. Characterization of Ca-LTAs and spherical FAp
H3POy solution (6.0 mol/l) and 2.0 mol/I of HF solution
was mixed and aged for 1 day irpNjas. The mixed solu- The Ca-LTA powder with the complete exchange of'Na
tion was dropped slowly into 10.0 mol/l Ca(OHuspension  for C&* in LTA was obtained, judged from the change of
with vigorous stirring at room temperature. The molar ratio diffraction intensities and the appearance of a new diffraction
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Fig. 1. The SEM image of LTA with HAp thin layers prepared by the
hydrothermal treatment at 12C.

at 25.%F in 20 by XRD. After the hydrothermal treatment of
Ca-LTA, the broad diffractions at about 2&nd 32 in 260
were found, which were corresponded closely to the diffrac-
tions of HAp16

Fig. 1 shows SEM image of the resultant LTA after the
hydrothermal treatment. The hydrothermal treatment did not
destroy the cubic automorphism but changed its surface
morphology by complete covering with scaly particles. The
scaly particles were aggregates of needle-like HAp crys-
tals and formed HAp thin layers. We previously studied the
morphological details of HAp nanocrystals on the zeolite
surfacet®-17

Fig. 2shows the SEM image of FAp powder obtained by
the spray dryer and calcined at 8@for 3 h. The FAp pow-

der was spherical in shape, and the particle size was about

1-10p.m. The XRD pattern showed only diffractions of FAp.
Calcination at 800C was necessary to increase the crys-
tallinity of FAp. This powder was employed for the starting
material of the PECS method.

Fig. 4. The SEM image (a) and element mappings (Si (b), Al (c),
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Fig. 2. The SEM image of spherical FAp particles prepared by the spray
dryer.
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Fig. 3. The XRD patterns of the sintered body obtained at’@0

25um i

Ca (d) and P (e)) of the sintered body obtainé€dtyoPECS.
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3.2. Characterization of LTA with HAp coating
layers/FAp sintered bodies

Fig. 3shows the XRD pattern of the sintered body of LTA
with HAp thin layers and FAp. The XRD pattern identified
only FAp phase, which is explained by a phase change of
LTA to amorphous by the PECS method. From the results
of XRD and Fourier-transform infrared spectroscopy, we
confirmed that the Ca-LTA after hydrothermal treatments
changed to LTA with NH* (NH4-LTA).1® Chandrasekhar
and Pramadd reported that the NIFLTA calcined at 850C
had an amorphous structure whereas the structure remained
intact at 750C, and mullite started crystallizing at 950.

In the present study, the temperature increased t6 QG

a heating rate of 50C/min and held for 10 min. The heat-
ing rate and holding time were much less than the rate of
3°C/min and 3h in a furnace described by Chandrasekhar
and Pramad®& We conclude from these results that the LTA Fig. 1L The Ca and P were distributed in the same positions,
in the sintered bodies changes to an amorphous phase undewxhich were the main component of FAp and HAp. These
the sintering condition. Therefore, the diffraction pattern of results indicated that the amorphous phase was completely
LTA in the sintered bodies was not detected by XRD. covered by FAp and HAp. The HAp thin layers on LTA sur-

Fig. 4a shows the SEM image of the surface of sintered face play an important role for preventing the binding among
bodies, andrig. 4b—e show EDX mapping results of the Si, zeolite powders.

Al, P and Ca elements. The sintered body was well densified, Fig. 5 shows the STEM image of the sintered body of
and the grains were very small (gdn). There is no signif- LTA with HAp thin layers and FAp. The HAp thin layers were
icant difference in the crystal morphology of FAp and LTA. clearly observed atthe interface between amorphous LTA and
Thus, the elemental mapping analyses of Si, Al, Ca and P onFAp. The shape and size of HAp thin layers were needle-like
the surface of the sintered body were useful to distinguish the crystals about 150 nm in length. The size was almost matched
components. The main components of LTA were Si and Al, to thatof HAp grown on the surface of LTA as showririg. L
which located in the same positions in their distribution. The The FAp crystals in the sintered bodies were well sintered,
particle size of the amorphous parts was abqutrBthat cor- and the grain size was small (<300 nm). Micropores were not
responds with that of LTA with HAp thin layers as shown in observed among the three different phases. It indicates that

Fig. 5. The STEM image of the sintered body obtained at°"@by PECS.
(a) LTA (the amorphous phase) (a), HAp (b) and FAp (c).

Fig. 6. The STEM image (a) and element mappings (Si (b), Al (c), Ca (d) and P (e)) of the sintered body obtainé€d19PE&CS.
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lower than that of FAp sintered bodies (three-point bending
strength: 162 MPa, Young’s modulus: 85 GPa. These results

" (@ Lo e L also indicate that the interface between an amorphous LTA
(b) -l ";,) 10" and FAp is similarly weak in strength.
R =
e ) §
Z o 4. Conclusion
The fabrication of sintered body of LTA with HAp thin
layers and FAp was succeeded by using the PECS method
at 900°C. The LTA phase changed to an amorphous phase
200um under this condition. The amorphous LTA in the sintered

Fig. 7. The optical microscope images of indentations of pyramidal inden-
ters (115) on (a) LTA, (b) FAp and (c) the interface between LTA and FAp
in the sintered body by a dynamic-ultra-microhardness tester.

Table 1

bodies was completely surrounded by HAp and FAp. The
microstructural observations indicated that the three different
phases (the amorphous LTA, HAp and FAp) were completely
sintered. The HAp thin layers played an important role for
improving the affinity between FAp and LTA in sintering.
The microhardness of the amorphous LTA and the interface

The load, depth and dynamic hardness calculated from indentations of FAp of amorphous LTA and FAp were lower than that of FAp, and

and HAp and the interface

three-point bending strength was also lower than that of FAp.

Pg (9f) D (pum) DH
FAp 20 1.11 612
LTA 20 1.31 448 AcknOWIedgementS
Interface 20 1.30 441

Pg: load,D: depth DH: dynamic hardness.

The authors are indebted to Dr. H. Nishimura, National
Institute for Materials Science for his kind help in PECS and

the three different phases are completely sintered, and thegiscyssion. A part of this study was financially supported by
HAp layers play an important role for improving the affinity  the Budget for Nuclear Research of the Ministry of Educa-
between FAp and amorphous LTA. When the mixed powder tjon Culture, Sports, Science and Technology, based on the

of LTA and FAp without HAp thin layers was sintered under  gcreening and counseling by the Atomic Energy Commission.

the same condition, the sintered bodies obtained were with
cracks and/or destroyed in ejectitig. 6shows the mapping
images obtained by EDX equipped with STEM. Si and Al
were distributed in the position of amorphous LTA, and P
was distributed in the positions of HAp and FAp. Ca was
distributed mainly in the positions of FAp and HAp, but the
distribution was less dominant in the position of LTA. These
results indicate that Ca ions barely remain in the LTA.

1.
2.

3.

3.3. Mechanical properties of LTA with HAp coating
layers/FAp composites

Fig. 7 shows optical microscope images of indentations
of pyramidal indenters (1% on LTA (a), FAp (b) and the
interface between LTA and FAp (c) on the sintered bod-
ies. Table 1shows the loadKg, df), depth D, um) and
dynamic hardness (DH) calculated from indentations. The
DH in a pyramidal indenter is defined by the following for-
mula: DH = 37.83&g/D?. The DH of FAp was 612, which
was larger than those of amorphous LTA (a) (DH=448) and 7
the interface (c) (DH=441). We considered that the LTA
changed to an amorphous phase is weak in strength, and the
interface between the phase and FAp is similarly weak in
strength.

The average three-point bending strength was 54 MPa, and
the Young's modulus was 30 GPa which was considerably

9.
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