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The effect of electron irradiation (E up to 10 MeV) on the phase composition, struc-
ture, and corrosion resistance of synthesized fluorapatite was investigated in the study.
Powders of calcium Ca,3(PO,)gF, and strontium-containing CagSr(PO,)¢F, fluorapatites
were synthesized by the method of co-precipitation from the solutions of the initial
components. The samples of fluorapatite with a maximum value of the relative density
(90-92 %) were produced by sintering in air at a temperature of 1250°C for 6 h. The
secondary phase of tricalcium phosphate a—-Cas(PO,), in the resulting samples was ob-
served. Increasing the heat treatment time up to 9 h leads to a disorder in the structure
of the fluorapatite. XRD analysis of glass-ceramic fluorapatite samples after electron
irradiation process has shown the lines of fluorapatite and "halo” in the diffractogram,
which indicates amorphization of fluorapatite samples. It has been established that elec-
tron irradiation to absorbed dose of 108 Gy does not significantly affect the corrosion
resistance of the obtained fluorapatite samples.

Keywords: fluorapatite, matrix, electron irradiation, phase composition, structure,
corrosion resistance.

UccnemoBano BAuAHUE 3JIeKTpPoHHOTO ob0ayuenus (E go 10 M»sB) nma ¢asoBwiil cocras,
CTPYKTYPY ¥ KOPPO3UOHHYIO CTOMKOCTL CHHTE3UPOBAHHOTO (hropanaTuTa. IIOPOMIKY KaabIlu-
esoro Ca,y(PO,)sF, u crpornmuiiconepxamiero ¢gropanatura CagSr(PO,)gF, curTesuporamn
METOJOM COBMECTHOI'O OCAKIEHNS 13 PACTBOPOB MCXOAHLIX KOMIOHeHTOB. O0pasnsl (propamna-
TUTA ¢ MAKCUMAJbHLIM 3HAUEHWEM OTHOcuTeabHOU miaoTHocTu (90-92 %) monyuanum creka-
HUeM Ha Bosayxe mnpu temueparype 1250°C B rTeuenme 6 uwac. B moayueHHBIX ofpasmax
Habomanack BropuuHas ¢asa Tpukanpnuiipochara o-Cagz(PO,),. Veenuuenwe spemeHM
TepMOOOpaboTKX 40 9 uac MPUBOAUT K HAPYIIEHHIO CTPYKTYPHI (ropanarura. Penrrenodaso-
BBIIl aHAJN3 CTEKJO-KepaMUUYecKUX o0pasmoB (rropamaruTa IIOcCie 3JeKTPOHHOI'O O0IyUYeHUus
MOKAa3aJ HAJIM4YME JUHHHM (PTopanmaThTa M raao  Ha Au(QPaKTOrpaMMe, UYTO YKAasbIBAET HA
amMopdusanuioo o0pasoB (ropamaTuTa. ¥ CTAHOBIEHO, UTO OOJyUYeHHE JJIEKTPOHAMHU IO IIO-
romenHol nosel 108 I'p He OKAsBHIBAET CYIMECTBEHHOrO BAMSAHUA HA KOPPOSHOHHYIO CTOM-
KOCTh HOJYYEeHHBIX 00pasios (ropamaTura.

dazoBuii ckaam, CTPYKTypa, KopoziiiHa Ta pagiamiiiHa cTiAKicTh CHHTE30BaHHX
Ca10(F’O4)6.F2 ta CagSr(PO,);F, dropamarurise. B.Alllxyponamenxo, C.I0.Caenko,
KAYaubrina, A.B.3uxosa, JI.M.Jlumeunenkxo, A.I . Mupornosa

BuBueHo BHMAIMB ejeKTpoHHOro BumpoMminioBanHa (E mo 10 MeB) na cdasosuii ckaaf,
CTPYKTYPY Ta Koposifiny crifikicTh cuHTeszoBaHoro (rropanmatuty. Ilopomky KajabljieBoro
Ca.10(F’O4)6F2 Ta CTpOHHiﬁBMimYEHOPOI ¢ropanarury Czal.gSr(F’O4)6F2 CUHTE30BaHO METOJOM
CHiIBHOTO OCaKeHHA 3 POBUMHIB BUXIJHUX KOMITOHEHTiB. 3pasKu (TOpamaTuTy 3 MaKCHU-
MaJbHUM 3HAaueHHAM Bigmocmoi rycrmuu (90-92 %) orpumano cmikamHAM Ha TOBiTpi 3a
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Temueparypu 1250°C mporsarom 6 rox. B orpuManHmx spasKax CIOCTEPIraeTbCsd BTOPUHHA
dasa rpuranbuiiihocdary a—Caz(PO,),. 36inpunienHs wacy TepmMoobpobrm Ko 9 rox IpuBo-
IUTL A0 MOPYIIEHHS CTPYKTYpH (Propamarury. PenTremHo(asoBUi aHAI3 CKJIO-KepaMiuHMX
3pasKis cpTopanaTHTy micas eJeKTPOHHOI0 OIPOMiHeHHs IIOKA3aB HagBHICTL JiHill drop-
amaTATy Ta ' Tajgo  Ha Au@pakTorpami, 1[0 BKasye Ha amopdisariiio 3pasmB ¢ropamaTury.
BeraHoBIeHO, IO OMPOMIHEHHS eJeKTPOHAMHU A0 HmoriauHeHol nosu 108 I'p me mae cyrreBoro
BILIMBY Ha KOpPO3ifiny cTifiKicTh oTpuMaHUX 3paskiB (gropamaTtury.

1. Introduction

Minerals and synthetic compounds with a
structural type of apatite are widely used in
many fields, including biology, medicine,
electronics, ete. [1-5]. Such materials also
serve as catalysts and ion exchangers in the
chemical industry. Apatite materials, acti-
vated by rare earth elements, are used as
luminescent and laser materials. Some apa-
tite materials have found wide application
in orthopedics and dentistry, due to the
composition closed to an inorganic compo-
nent of human bones and teeth. Moreover,
apatite materials are considered as promis-
ing materials for the immobilization of
high-level waste (HLW), due to the high
chemical and radiation resistance and a
wide range of structural iso- and heterova-
lent substitutions [6].

At present, it is known that the reliable
immobilization of long-lived actinides and fis-
sion products requires the formation of crys-
talline matrices similar to the natural analogs
containing radioactive elements in the struc-
ture during geological epochs with preserving
chemical and structural stability. One of the
famous examples demonstrating the chemical
and radiation resistance of apatite in nature
is the uranium deposit in Oklo (Gabon, Af-
rica). Composition of local rocks includes apa-
tite. The chain reaction of uranium fission
took place approximately two billion years
ago. Apatite crystals from this deposit are
characterized by anomalous enrichment of
235 and fission products [7].

The behavior of the material under irra-
diation is one of the main factors, which
should be considered choosing a matrix ma-
terial for immobilization of HLW. The ma-
trix included HLW will be subjected to the
action of a-, P-particles and y-radiation due
to the decay of radionuclide contained
waste. The structural and chemical changes
at the atomic level in the solidified forms of
waste under the radiation process can lead
to a change in the volume, microstructure,
mechanical properties of the materials, and
matrix resistance to leaching [8].

It is well known, that high-energy beams
of ions and electrons are widely used to
simulate microstructural changes and phase
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transformation in ceramic materials caused by
0-, P-decays, neutrons and fission products.
The advantage of charged particles accelerators
using is the possibility of high irradiation doses
obtaining during a short time. Irradiation by a
strong ion beam can be used to simulate radia-
tion damage due to o-decay in the case of inclu-
sion of actinides in matrix material. Damage
caused by electron irradiation can be used to
simulate the effects of ionization and electronic
excitations from B-particles [9].

The aim of the study was research of the
effect of electron irradiation on the phase
composition, structure and corrosion resis-
tance of fluorapatite materials produced by
precipitation from solutions.

2. Experimental

To produce calcium fluorapatite
Cao(PO4)gF> by precipitation method the
following components were used: calcium
nitrate Ca(NO;), - 4H,0, dibasic ammonium
phosphate (NH,4),HPO,, ammonium fluoride
NH4F, which were taken in stoichiometric
proportions. In the case of synthesis of
fluorapatite with strontium CagSr(PO,4)gF5,
strontium nitrate Sr(NO3), was used as an
aqueous solution. Heat treatment of pow-
ders and sintering of fluorapatite samples
were carried out in air in a high-tempera-
ture electric furnace Nabertherm P310
(Germany). Phase studies were carried out
using the X-ray phase analysis (XRD)
method (DRON-1.5, in copper radiation
using a nickel selective filter). The apparent
density of the samples after sintering was
determined hydrostatically in accordance
with GOST 2409-195. The microstructure of
the samples of fluorapatite was studied on a
scanning electron microscope JSM-7001F
(JEOL, Japan) equipped with a thermo-field
electron gun. Electron irradiation (electron
energy up to 10 MeV) was carried out at the
accelerator KUT-1 (NSC KIPT). The samples
of fluorapatite were irradiated by electrons
to absorbed dose of 108 Gy.

The preparation of calcium Cayg(PO,)eF>
and strontium-containing CagSr(PO,)gF,
fluorapatite by the precipitation method
was carried out according to the following
reactions, respectively:
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H + = Cayp(PO4)sF2
* = CagSr(PO4)6F2

a.u.
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Fig. 1. XRD patterns of the initial powders:
a — Ca,y(POygF,, b — CagSr(PO,)gF,.

10Ca(NO,), + 6(NHZ),HPO, + 2NH,F + NH,OH +
+30, = Cayg(PO,)eF, + 14NH,NO; + (1)
+ 5.5H,0 + TNO,T

9Ca(NO,), + S(NO3), + 6(NH,),HPO, + 2NH,F +

+NH,4OH+120, — CagSr(PO,)gF 5 +

2
+ 14NH4/NO; + 5.5H,0 + TNO,T. @)

The process of calcium and strontium-
containing fluorapatite producing by the
method of chemical co-precipitation in-
cluded the following stages:

— preparation of aqueous solutions of the
initial components Ca(NO3),-4H,0,
(NH ,HPO,, NH4F  and  Sr(NOjz), (for
CagSr(PO,4)gF5) the required concentration;

— mixing of initial solutions. pH = 9-9.5
was adjusted by the addition of ammonium
hydroxide NH,OH;

— preparation of Ca n(POyeF, and
CagSr(PO,)eFo: powders, sedimentation, decan-
tation, washing, drying in air, grinding [10].

As previously referred [11] in Fig. 1 pre-
sents the XRD data of calcium Caqy(POy)gF»
and strontium-containing CagSr(PO,)sF,
fluorapatite powders produced by co-precipi-
tation from solutions of the initial compo-
nents. Analysis of the diffractograms of the
produced powders indicates that the compo-
sition of the powders corresponds to the
phase of Cayg(POy)sF, (JCPDS 15-0876)
(Fig. 1a) and CagSr(PO,)gF, (Fig. 1b), corre-
spondently. No secondary phases were de-
tected.

Samples for sintering in air were pre-
pared in the form of tablets with a diameter
of 14 mm and a height of 5—7 mm by the
method of cold two-sided axial pressing of
synthesized fluorapatite powders on a hy-
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Fig. 2. The dependence of relative density of
Ca, ((POyeF, and CagSr(PO,)gF, samples on
the sintering temperature, time of sintering
— 6 h.

draulic press. Pressing was carried out in
the pressure range of 124-247 MPa. Sinter-
ing of the samples was carried out in the
temperature range 1000-1250°C, for 1, 6
and 9 h in air. Fig.2 shows the relative den-
Slty of the Ca10(PO4)6F2 and CaQSF(PO4)6F2
fluorapatites as a function of the sintering
temperature for a fixed sintering time of
6 h. According to the results of density
measurement, it was found that at a tem-
perature of 1250°C the maximum relative
density for caleium fluorapatite and fluora-
patite containing strontium (90-92 %) is
observed.

Electron irradiation of calcium fluorapa-
tite samples was performed on a linear elec-
tron accelerator KUT-1 up to a set of ab-
sorbed dose of 108 Gy. According to [12], a
dose of 6-10% Gy can be obtained by waste
glasses that will be generated at the Savan-
nah River Plant in South Carolina at the
expense of B/y-radiation of the included ra-
dionuclides during storage up to 103 years.
The generated high-energy electron flux
with energy up to 10 MeV on the linear
accelerator of electrons KUT-1 allows to col-
lect the required dose in a short time (for
example, a dose of 108 Gy for 12 h).

The samples of calcium fluorapatite after
sintering at a temperature of 1150°C for
6 h and at a temperature of 1250°C for 9 h
were selected as samples under electron ir-
radiation. To ensure heat removal during
irradiation process, the target with fluora-
patite samples was cooled by water.

The appearance of Cayg(POu)eF, (T =
1150°C, 1 =6 h) samples irradiated with
electrons did mnot differ from the
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Fig. 8. The view of Ca o(PO,)gF, (T =
1250°C, T = 9 h) samples before (a) and after
(b) electron irradiation process.

Ca10(PO4)6F2 (T =1150°C, 1=6 h) Samples
prior to irradiation. Irradiated samples of
Ca10(PO4)6F2 (T = 125000, T=9 h) also did
not differ in appearance from the samples
prior to irradiation, except for color. The
samples of fluorapatite sintered in air at
1250°C for 9 h were colored to blue as a
result of electron irradiation to the absorb-
ing dose of 108 Gy (Fig. 3).

Leaching of fluorapatite samples was car-
ried out in a Teflon container at a constant
temperature of 90°C in distilled water. The
volume of distilled water in the container
was determined from the ratio of sur-
face/volume = 1/10. The distilled water
changing, measurement of the weight and
total surface of the samples were carried
out after 3, 7, 14, 21 and 28 days. The
total leaching rate V (g/m2d) was calculated
by the formula:

V=Aw/S-t, (3)

where ¢t (day) is the leaching time, Aw
(gram) is the difference in sample weight
before and after leaching in ¢ days, S (m?2)
is the total surface of the sample.

3. Results and discussion

Fig. 4 shows the XRD analysis of cal-
cium and strontium-containing fluorapatite
samples produced by sintering in air at
1150°C for 1 h [11]. Apparently, the sinter-
ing of caleium fluorapatite under such con-
ditions leads to the appearance of one line
of the secondary phase — tricalcium phos-
phate a—Caz(PO,), (JCPDS 29-0359) of low
intensity (Fig. 4a). On the diffractogram of
strontium-containing fluorapatite, an in-
crease in the number of a—Caz(PO,), lines
is observed (Fig. 4b).

The electron irradiation of Ca,g(PO,4)eF,
samples (T = 1150°C, Tt =6 h) to a dose of
108 Gy does not lead to a change in the
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Fig. 4. XRD patterns of fluorapatite samples
after sintering at the temperature 1150°C
during one hour: a — Ca y(POy)gsF,, b —
CagSr(PO,)sF».
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Fig. 5. XRD patterns of fluorapatite sample
Ca, ((PO,)gF, after sintering at the tempera-
ture 1150°C during 6 h and electron irradia-
tion.

phase composition of synthesized calcium
fluorapatite. In addition, there is, besides
the main lines of fluorapatite, the trical-
cium phosphate line on the diffractogram of
irradiated samples of fluorapatite (Fig. 5).
The intensification of the lines of fluorapa-
tite and the decrease in the width indicate
an increase in the crystallinity of the re-
sulting fluorapatite after sintering at a
temperature of 1150°C for 6 h and irradia-
tion with electrons.

The SEM images of the microstructure of
ceramic fluorapatite samples of
(Cayg(POy)gF,) composition obtained by sin-
tering in air at processing temperature of
1150°C and holding time of 6 h before and
after electron irradiation demonstrate the
presence of a uniform porous structure with

Functional materials, 26, 1, 2019
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Fig. 6. SEM image of the Ca,y(PO,)gF, sample, T = 1150°C, 1 =6 h: a — before electron irradia-

tion, b — after electron irradiation.

grains size 1-2 pum (Fig. 6a and 6b). The
visible changes in the microstructure of the
fluorapatite ceramic samples after electron
irradiation were not observed. An increase
in the sintering temperature up to 1250°C
(holding time 1 h) leads to the disappear-
ance of the tricalcium phosphate line on the
diffractogram of calcium fluorapatite (Fig.
7a) and to a decrease in the intensity and
number of its lines in the diffractogram of
strontium-containing fluorapatite (Fig. 7b).
Further crystallization of the synthesized
fluorapatites occurs with a simultaneous in-
crease in the density of the obtained sam-
ples (Fig. 2).

The increase in the sintering time up to
9 h at temperature of 1250°C results in the
formation of a glass phase in calcium
fluorapatite samples. The relative density of
such samples decreases to 84.2 %. As can
be seen in Fig. 8a, the obtained glass-ce-
ramic material is a glass matrix with nu-
merous pores and crystalline microinclu-
sions of predominantly oval shape. Fig. 8b
shows SEM images of the microstructure of
a glass-ceramic fluorapatite sample after
electron irradiation. Small pores of 10—
15 pm, larger ~ 50 pm and microinclusions
of 10-20 um are visible on the microstruc-
ture images of fluorapatite samples after
electron irradiation, as well as in the micro-
photograph of the microstructure of the
unirradiated fluorapatite sample.

The presence of the glass matrix in the
fluorapatite samples after sintering at a
temperature of 1250°C and holding time of
9 h, resulting in the color of the samples
after electron irradiation process. Glasses
are characterized by the coloration under

Functional materials, 26, 1, 2019

i » = Cayp(POy)eF>
* = CagSr(PO4)6F2
¢ - Caz(POy),

a.u.

40 50 60 70

20 30
20, deg

Fig. 7. XRD patterns of fluorapatite samples
after sintering at the temperature 1250°C
during one hour: a — Ca,y(PO,)sF, , b —
CagSr(PO,)gF -

the influence of various types of radiation,
including the action of electron beams [12].

The relative density of the irradiated
sample of glass-ceramic fluorapatite
(83.9 %) decreases insignificantly as com-
pared to the unirradiated sample (84.2 %).
A slight decrease in the relative density of
the fluorapatite samples after irradiation is
also characteristic of ceramic fluorapatite
samples obtained by sintering at tempera-
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Fig. 8. SEM image of Ca,y(PO,)sF, sample (T' = 1250°C, 1 = 9 h): a — before electron irradiation,

b — after electron irradiation.

ture of 1150°C and holding time of 6 h.
Irradiation of ceramic fluorapatite samples
leads to the decrease in the relative density
from 86.6 % to 86.2 % . Previously, it was
shown that the density and micro-hardness
parameters of sodium-aluminum-phosphate
glasses samples are not principally changed
at doses of - and y-irradiation up to
1010 rad (108 Gy) [14]. Higher-doses of the
electron and ions irradiation by accelerators
lead to charge accumulation, and the forma-
tion of gas bubbles, similar to the process in
silicate and borosilicate glasses [15-17].
XRD analysis of glass-ceramic fluorapa-
tite samples after electron irradiation proc-

ess has shown the lines of fluorapatite, one
tricalcium phosphate line and "halo™ in the
diffractogram, which indicates amorphiza-
tion of fluorapatite samples (Fig. 9).

Table shows the results of the leaching
of fluorapatite samples Ca,o(PO4)gF> and
CagSr(PO4)gF, obtained by sintering at
T = 1150°C for 6 h before and after elec-
tron irradiation. As can be seen from the
Table, the loss of weight and the overall
leaching rate of investigated fluoropatite
samples without strontium is much less
than for samples with strontium. This fact
is apparently due to the presence in the
CagSr(PO,)gF, samples of more tricaleium

Table. Sizes, weight, loss, and leaching rate of the fluoropatite samples

Diameter | Height | Initial Surfaceq Awn, g Aws, g AwBbE 9wH Aws, g Aws, g
d, mm | h, mm | weight |So, mm”| (8 daysz)/V, 7 daysz)/V, 3, g (21 da%)/V, (28 da%)/V,
wo, g g/m°d g/m-d (14 days)/V, g/m°d g/m°d
g/mzd
Caio(POs)sF2 | 18.5 6.5 2.0123 | 561.66 | 0.0006/0.357 |0.00111/0.284(0.00141/0.183|0.00151,/0.131|0.00159,/0.104
CagSr(PO4)sF2 14.5 6.5 1.5695 626.03 0.0013/0.72 | 0.0022/0.536 | 0.0026/0.342 |0.00275/0.264| 0.0028/0.16
76 Functional materials, 26, 1, 2019
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Fig. 9. XRD patterns of Ca,y(PO,)sF, sample
(T = 1250°C, © = 9 h) after electron irradiation.

phosphate a—Caz(PO,), phase, which has
greater solubility in comparison with
fluorapatite [18]. The leaching of the
fluorapatite sample after electron irradia-
tion showed a relatively small decrease in
weight loss and leaching rate compared to
the unirradiated sample. Probably, irradia-
tion with electrons leads to additional crys-
tallization of fluorapatite, which in turn
provides a slight increase in its corrosive
properties.

The obtained data showed that simula-
tion of the electron irradiation to a dose of
108 Gy does not lead to a significant change
in the density, corrosion resistance, struc-
ture and phase composition of the synthe-
sized fluorapatite samples.

4. Conclusions

Powders of fluorapatite compositions
(Ca10(PO4)6F2) and (Cagsr(PO4)6F2) have been
synthesized by chemical precipitation. It has
been established that the formation of mono
phase  fluorapatites = Ca p(PO,)eF2 and
CagSr(PO,)gF, during chemical precipitation
occurs directly as a result of the reaction be-
tween the solutions of the initial components.

Samples of caleium and strontium-con-
taining fluorapatite with relative density
(91-92 %) were obtained by sintering in air
at a temperature of 1250°C and a holding
time of 6 h. The increase in the heat treat-
ment time up to 9 h results in the change
of the Ca;o(PO4)gF, sample material from
crystalline to crystalline-glass phase.

Electron irradiation of the Ca,g(PO,4)6F>
ceramic fluorapatite samples up to the ab-
sorbed dose 108 Gy (E up to 10 MeV) is not
principally changed the density, structure,
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and phase composition of ceramic and glass-
ceramic fluorapatites.

Based on the results of leaching tests in
the water of the fluorapatite samples, it was
established that calcium fluorapatite samples
showed a small decrease in weight loss and
leaching rate compared to the unirradiated
samples, probably due to additional ecrystal-
lization of fluorapatite after electron irradia-
tion, which in turn provides a slight increase
in the corrosive properties of the samples.

The possibility of the electron irradiation
(E up to 10 MeV) process using for simula-
tion of the HLW effect on the matrix mate-
rial was shown. The stability of the physico-
chemical properties during electron irradia-
tion allows to consider the materials based
on fluorapatite as a promising matrix for
the immobilization of HLW.
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