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The parameters for manufacturing of glass-ceramic materials based on borosilicate and
phosphate compounds for further application as protective matrices for the immobilization
of radioactive waste are presented in study. The chemical and phase compositions, micro-
structure and physic-mechanical properties of glass-ceramic samples were analyzed. Re-
sults shown, that obtained materials are characterized by homogeneous structure and high
density, compressive strength and thermal shock resistance parameters, in accordance with
the requirements to materials for radioactive waste immobilization. In addition, the influ-
ence of the temperature of glass heat treatment on the volatility of cesium compounds was
analyzed. It was shown that in samples after treatment at 1150°C the amount of cesium in
the glass ceramic samples was practically unchanged, in comparison with the amount of
cesium in the initial mixture.

Keywords: radioactive waste immobilization, glass-ceramic materials, vitrification,
borosilicate, phosphate compounds, phase composition, thermal shock resistance.

IloxasaHa BOBMOXKHOCTL IIPUMEHEHHUS CTEKJOKEPAMHUYECKHX MAaTePUAJOB Ha OCHOBe GOpO-
CUJIMKATHBIX COEJMHEHHUY B KaueCTBe BAIUTHBIX MATPHUI[ IS UMMOOMIMBAIMUAN PATUOAKTUB-
HbIX 0TX0m0B (PAQ). OmpeneseHsl onTUMAJIbHBIE [IAPAMETPHl IIOJNYUYEHUSA CTEKJOKEPaMUKM,
M3YUYeHbl UX XMMHUYECKUH U (Pa30oBBIl COCTaBBbI, MUKPOCTPYKTYypa u cBoiicrBa. [lokaszano, uro
MMOJIyYeHHBIE MAaTEPHUAJNL XaPAKTEePUIYIOTCS OTHOPOMAHOM CTPYKTYPOM M BBHICOKMMH IIOKa3aTe-
JAMHU ILIOTHOCTH, IIPOYHOCTH W TEPMOCTONKOCTH, KOTOPBIE COOTBETCTBYIOT TPeGOBAHUAM K
MarepuagaM, NpeAbABIAeMbIM g uMmMmobuausanuu PAO. IlpoaHanusupoBaHO BJIUAHNE
TeMIIepaTypPbl TEPMOOOPAOOTKU CTEKJAa HAa JIEeTyYeCTh COeAuHeHUl Iesus. [loxasano, uTo B
o0pasiax, ToayueHHbIX Tpu TeMmneparype 1150°C, KOMUUecTBO 1e3UA MPaKTUUEeCKU He U3Me-
HUJIOCh B CPABHEHUM C KOJUUYECTBOM I[€3UsA B MCXOJHOI cMecu.

Craokepamiuni maTpunmi Ha ocHoBi GopocumiaikatHux i ¢gocdaranx marepiaais muas
immobinizanii pagioakTusnux Bigxoxis. C.J0.Cacnro, €.0.Ceimauunuii, BA.IIlkyponamenkxo,
A.B3uroea, O.I.JIedoscvra, JI.M.Jledoscvra, I'O.Xonomees, Al .Muponosa, M.O.Odeiiuyk.

Ha migcraei BUKoOHaHNX MOCHIMKEHb MOKA3aHO MOJMKJIMBICTHL 3aCTOCYBAHHSA CKJOKepaMiu-
HUX MarepianiB Ha ocHOBiI GopocmiaikaTHuX Ta (ochaTHUX CIOJAYK B SKOCTI 3aXMCHHX MAT-
punp aasa immobGimisanii PAB. Busnaueno onTuMaJsbHI mapaMeTpu OTPUMAaHHS CKJOKepaMi-
KU, BUBYEHO iX Ximiumwuii i ¢pazoBuil criIagu, MiKpoCTPYKTYpPy i Baactusocti. Ilokasawmo, 1o
oTpUMAaHI MaTepiasiu XapakTepUsYITHCS OJHOPILHOIO CTPYKTYPOIO i BUCOKMMU IIOKA3HUKAMU
miasHOCTi, MimHOCTI 1 TepmocTifikocTi, ki BigmosigamTs BuMoram mo mMarepianis, 1o mpen’-
ABIAOTECA miud immobimizarnii PAB. IlpoamanisoBaHo BIJIMB TeMIepaTypud TEPMOOOPOOKH
CKJIA HA JeTouicThk croayk Iesiro. IlokasaHo, 110 y spaskax, OTPUMAaHUX IIPU TeMIIepaTypi
1150°C, xinbKicTh 1e3if0 OpaKTUUHO He 3MiHMJAcA y TOPiBHAHHI 8 KiabKicTio 1esio y
BUXigHIN cymirri.
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1. Introduction

Radioactive waste (RAW) poses a great
danger to humanity around the world be-
cause of the radiation and toxic effects.
Therefore, hazardous waste should be sub-
ject to conditioning, included volume reduc-
tion and transfer to a solid stable mono-
lithic form, and followed by long-term stor-
age of conditioned RAW for the time
necessary to reduce the radioactivity to an
acceptable level. One of the promising mate-
rials for the immobilization of such radioac-
tive waste is glass. Glasses can serve as an
ideal matrix for waste low and medium lev-
els of radioactivity (LMAW), which are
characterized by low heat dissipation [1, 2].

The environmental and economic benefits
of low and medium levels waste vitrification
are determined by the low solubility of vit-
rified waste in natural waters, a high de-
gree of reduction in the volume of materi-
als, and the possibility of vitrified waste
disposal without additional surface engi-
neering barriers in the geological environ-
ment. In the case that the chemical element
concentration in the waste is higher than its
solubility in glasses during vitrification, a
crystalline phase forms and the matrix for
such waste is glass ceramics containing, in ad-
dition to glass, mineral crystalline inclusions.
The composition of the glass frit and its quan-
titative ratio with the waste are selected de-
pending on the composition of the waste.

Currently, borosilicate glasses are mainly
used in Russia, France, Great Britain, Ger-
many, Japan, etc. as matrices for RAW im-
mobilization [1-5]. The solubility of
borosilicate glasses at low temperatures is
low and glasses with relatively low stability
are able to ensure the safety of under-
ground storage of the LMAW without addi-
tional engineering barriers. At the same
time, worldwide-used borosilicate glasses
for nuclear waste vitrification are not suit-
able for immobilization of high content mo-
lybdenum, chromium, or salt waste because
of the low solubility of such compounds in
the borosilicate glasses. As alternative to
borosilicate glasses phosphate glasses are pro-
posed for further waste vitrification [6—-10].

At the NSC KIPT, systematic studies are
being conducted to obtain ceramic and glass-
ceramic materials for immobilization of radio-
active waste [11-13]. In [14-16], the pros-
pects of using potassium — magnesium phos-
phate materials for the immobilization of
liquid radioactive waste were shown.

The aim of the study was optimization of
the parameters for the manufacturing of
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glass-ceramic materials based on borosili-
cate and phosphate compounds, which can
be used as matrices for immobilization of
radioactive waste.

2. Experimental

The following starting materials were
used for the synthesis of potassium-magne-
sium phosphate KMgPQO,-6H,0: magnesium
oxide MgO, potassium dihydrogen phosphate
KH,PO,; distilled water.

For vitrification of the salt melt and its
solidified form obtained by means of potas-
sium-magnesium phosphate, mainly used
borosilicate glass "Pyrex” of the composition:
Si0, — 78.90 %; B,O; — 11.80 %; Na,O —
6.25 %; AlLO; — 2.83 %; K,O — 0.52 %;
MgO — 0.10 %; CaO — 0.10 % was used.

The vitrification of the samples was car-
ried out in alumina crucibles in a high-tem-
perature furnace Nabertherm P310 (Ger-
many) at temperatures 900-1200°C, with
heating rate 150-200°C/h, holding time
1 h. For mixing and grinding of the start-
ing and synthesized materials, the planetary
mill "Pulverisette 6™ was used.

The phase composition of the materials
before and after the heat treatment was
studied by X-ray diffraction analysis
(DRON — 1.5, Cu K, with a nickel filter).

The microstructure of the samples was
studied using a JSM-7001F scanning elec-
tron microscope (JEOL, Japan). The analy-
sis of the composition of the samples was
carried out by the method of energy disper-
sive X-ray microanalysis using an INCA
Penta FETx3 analyzer (Oxford Instruments,
United Kingdom).

Elemental analysis of the obtained glass
ceramics was carried out on a double focus-
ing EMAL-2 high-resolution laser mass
spectrometer. The signal was recorded on
the film, followed by photometry with an
IFO-451 microphotometer.

The open porosity and apparent density of
the samples were determined in accordance with
standard 2409-95 by hydrostatic weighing.

The compressive strength of the samples
was evaluated by the method of diametric
compression [17].

To determine the thermal shock resis-
tance, the standard EN 820-3:2004 was
used. According to the standard require-
ments thermal shock resistance was charac-
terized by a temperature difference AT, at
which cracks appear in the samples.
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Fig. 1. Glass-ceramic samples obtained at a temperature of 1150°C in crucibles (left) and samples
for physical and mechanical properties testing (right).

3. Results and discussion

Study was carried out on vitrification of
a salt melt simulator, manufactured on the
basis of its averaged chemical composition
[18]. To obtain a solution of a salt melt
simulator, the required amount of H3BOsj,
NaOH, Na,SO,, NaCl, KOH, FeSO,7H,0 re-
agents was dissolved in distilled water, then
cesium and cobalt salts were added to the
resulting solution in a predetermined
amount. The concentration of salts of the
model solution, which according to the com-
ponents corresponded to the real salt melt,
amounted to 1600 g/1, at pH = 10.

The solidification of the salt melt simula-
tor using potassium magnesium phosphate
was carried out by adding up to 35 wt.% of
salt melt to a mixture of MgO and KH,PO,.
The studies were carried out directly with
heat-treated salt melt, as well as with so-
lidified melt obtained using potassium-mag-
nesium phosphate.

Figure 1 shows glass-ceramic samples
treated at a temperature of 1150°C in cruci-
bles (left) and samples for physic-mechani-
cal properties testing (right).

In the Table 1 the physical charac-
teristics of glass-ceramic samples obtained
at various temperatures are presented. The

table shows that the samples of both composi-
tions obtained at temperatures of 900°C,
1000°C, 1100°C are characterized by high
open porosity and low density, so further
studies were carried out on samples obtained
at temperatures of 1150°C and 1200°C.
According to X-ray phase analysis
(XRD), after vitrification, the samples are
represented by both crystalline and amor-
phous phases. Figure 2(a) shows the XRD
patterns of the glass-ceramic sample of the
composition: 70 wt.% borosilicate glass +
30 wt.% solidified simulator form. It
should be noted that in the samples ob-
tained at a temperature of 1150°C, there
are a large number of elements and com-
pounds with strong capacity to form various
phase components during the interaction
and subsequent crystallization. It can be
seen that the peak of maximum intensity
can belong to both the peak (104) of potas-
sium-magnesium  phosphate  o-KMgPO,
(ASTM 089-4675) and the peak (101) of
cristobalite SiO, (ASTM 89-1425) and peak
(201) of aluminosilicate potassium KAISizOg
(ASTM 381-0966). In addition, the phase of
sodium-calcium-aluminum phosphate-sili-
cate Naj,CasAl, (PO4),(Si04), (ASTM 35-
0327) and calcium carbonate CaCO5z (ASTM
41-1475) are observed on the XRD patterns.

Table 1. Physical characteristics of glass-ceramic samples obtained at various temperatures

Chemical No. Thermal treatment | Shrinkage, % |Open porosity, % Apparent
composition regime °C density, g em3

70 % B-Si glass 1 900 0.3-0.9 29-32 1.95-2.04

+1%Qf%d 2 1000 1.2-1.4 21-22 2.15-2.18
solidifie

simulator form 3 1100 1.8-2.4 13-15 2.22-2.24

4 1150 2.3-3.0 2-4 2.30-2.33

5 1200 2.5-3.2 2-3 2.32-2.36

60 % B-Si glass 6 900 0.3-0.8 27-28 2.02-2.10

+1f‘:19f%d 7 1000 0.9-1.3 22-24 2.17-2.20
solidifie

simulator form 8 1100 1.6-1.8 14-15 2.22-2.25

9 1150 2.0-2.7 3-5 2.33-2.36

10 1200 2.2-2.9 2-3 2.35-2.38
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Fig. 2. XRD patterns of glass-ceramic samples: a — 70 wt. % borosilicate glass + 30 wt.% solidi-
fied simulator form of salt melt, b — borosilicate glass without additives.

Fig. 3. SEM microstructure of the cleavage of the sample with composition 70 % B-Si glass + 30 %
salt melt simulator using potassium magnesium phosphate after heat treatment at 1150°C.

At the same time, a significant part of the
amorphous component is noticeable.

To determine the effect of the solidified
salt melt simulator on the phase composi-
tion of the obtained samples, XRD of
borosilicate glass was carried out without
additives after heat treatment at the same
temperature of 1150°C. After holding the
samples for 1 h at 1150°C and slow cooling
with the furnace, intense crystallization of
glass samples with the formation of eristo-
balite SiO, (Fig. 2b) was detected. There-
fore, on the one hand, in the samples of
70 % B-Si glass + 30 % solidified form of
the simulator, in addition to cristobalite,
the phase of calcium carbonate, as a part of
the mixture of borosilicate glass, and potas-
sium-magnesium phosphate, as the main
phase component of the solidified salt melt
simulator, were revealed. On the other hand,
as a result of the interaction of the constitu-
ent parts of solidified salt melt simulator
using potassium magnesium phosphate with
borosilicate glass, phases of potassium alumi-
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nosilicate and sodium-calcium-aluminum
phosphate-silicate were appeared.

Figure 3 shows the microstructure of the
cleavage of the sample with composition
70 % B-Si glass + 30 % salt melt simulator
using potassium magnesium phosphate after
heat treatment at 1150°C. It can be seen that
the obtained material mainly consists of glass
with crystalline inclusions of various shapes.
Some of the inclusions are consisted directly
of potassium-magnesium phosphate, and oth-
ers are represented by magnesium oxide,
which did not react during the solidification
of salt melt simulator. The inclusions sizes
were in the range 100-150 pm in diameter
(Fig. 3a). Spherical inclusions with a diame-
ter of 40—50 um consist of needle crystals of
~1 pm (Fig. 3b) were also observed. Accord-
ing to the XRD data, the crystals may belong
to cristobalite, calcium carbonate, potassium
aluminosilicate and sodium-calcium-alumi-
num phosphate-silicate.

In the case of the content of solidified
salt melt simulator using potassium magne-
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Fig. 4. XRD patterns of glass-ceramic sam-
ples 60 wt.% borosilicate glass + 40 wt.%
solidified simulator form of salt melt.

sium phosphate increasing up to 40 wt.%
there was an increase in the peaks of potas-
sium-magnesium phosphate (Fig. 4). This
fact indicates the increase in the content of
the crystalline phase of the potassium mag-
nesium phosphate in comparison with the
sample composition: 70 wt.% borosilicate
glass + 30 wt.% solidified salt melt simula-
tor. In addition, after heat treatment at
1150°C for 1 h, 60 wt.% B-Si glass +
40 wt.% solidified salt melt simulator sam-
ples contained phases of calcium carbonate
and cristobalite, observed during crystal-

Electron Image 1

100um

2 3 4
Ful Scale 1488 cts Cursor: 0.000

lization of borosilicate glass. Moreover,
phases of potassium aluminosilicate and so-
dium-calcium-aluminum phosphate-silicate
were detected. When 40 wt.% of the solidi-
fied salt melt simulator was introduced into
borosilicate glass, a new phase of chloro-
stadite Cag(P,Si,5)301,(Cl,OH,F) was appeared
(ASTM 25-0167) (Fig. 4) as a result of solid-
phase reactions during heat treatment.

The XRD results were confirmed by en-
ergy dispersive X-ray microanalysis of sam-
ples with composition of 60 % B-Si glass +
40 % solidified simulator of salt melt.

Figure 5 shows the microstructure of the
cleavage of the sample with composition
60 % B-Si glass + 40 % salt melt simulator
using potassium magnesium phosphate after
heat treatment at 1150°C. The elemental com-
position of sample was obtained by energy
dispersive X-ray microanalysis. According to
the elemental analysis of the spectrum 2 site,
it can be objectively concluded that the inclu-
sion of a spherical shape with a diameter ~
50 um contains potassium-sodium-magnesium
phosphate (K,Na)MgPQO, and cristobalite SiO,
(Fig. 5a). Irregular inclusions with sizes of
3-5 um (spectrum 9) consist of calcium car-
bonate CaCOj;, potassium aluminosilicate
KAISi;Og and cristobalite SiO, (Fig. 5b).
Despite the fact that 137Cs and 134Cs iso-
topes make the main contribution to the ac-

Electron Image 1

100pm

1 2 3
ul Scale 37930 cts Cursor: 0.000

a)

b)

Fig. 5. SEM images and EDX spectra of spectrum 2 site (a) and spectrum 9 site (b) of the sample
60 % B-Si glass + 40 % solidified simulator form of salt melt.
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Table 2. The elemental composition of the samples of the initial composition of 70 wt.% borosili-
cate glass + 80 wt.% potassium magnesium phosphate and with the addition of 1 and 10 wt.%
CsCl before and after heat treatment at a temperature of 1150°C and 1200°C

Sample composition

Element, content, wt.%

B 0 Na Mg

Si P S Cl K Ca Cs

Initial (1 % CsCl) | 2.32 |49.65| 3.11 | 2.84

1.05 |31.26| 3.31 |0.016| 0.21 | 5.98 |0.076| 0.17

Heat treated at 2.57 | 50.0 | 2.92 | 1.80
1150°C (1 % CsCl)

2.29 | 85.3 | 0.95 |0.004| 0.25 | 3.64 | 0.11 | 0.16

Heat treated at 2.13 |50.17| 2.73 | 0.83
1200°C (1 % CsCl)

1.73 |37.98| 0.68 |0.002| 0.06 | 3.49 |0.013]| 0.17

Initial (10 % CsCIl) | 2.27 |49.70| 2.68 | 3.16

0.87 129.14| 3.11 |0.002| 1.00 | 6.37 | 0.01 | 1,58

Heat treated at 2.62 [50.40| 5.68 | 0.63
1150°C (10 % CsCl)

1.28 [34.16| 0.31 [0.002| 0.12 | 3.45 |0.006| 1.34

Heat treated at 2.74 [49.63| 3.78 | 1.13
1200°C (10 % CsCl)

1.43 |35.49| 0.45 [0.002| 0.19 | 3.85 | 0.01 | 1.29

tivity of salt melt, the elements concentra-
tion was insignificant. Therefore, in order
to study the volatility of cesium compounds
during vitrification of hardened melt simu-
lators, samples of composition 70 wt. %
borosilicate glass + 30 wt.% potassium-
magnesium phosphate with the addition of 1
and 10 wt.% CsCl after subsequent heat
treatment at 1150 and 1200°C with expo-
sure for 1 hr were manufactured.

The results of elemental analysis of the
initial samples of composition 70 wt.%
borosilicate glass + 30 wt.% potassium mag-
nesium phosphate and with the addition of 1
and 10 wt.% CsCl before and after heat
treatment at a temperature of 1150°C and
1200°C are presented in Table 2. It can be
seen from the presented data that at the sam-
ples with the addition of 1 wt.% CsCl in com-
parison with the initial samples the amount
of Cs did not change after heat treatment
both at temperature of 1150°C and 1200°C.
On the other hand, at the samples with the
addition of 10 wt.% CsCl in comparison with
the initial samples the amount of Cs de-
creased in the samples after heat treatment at
temperatures of 1150°C and 1200°C.

According to the fact, that the amount
of cesium in the heat treated at tempera-
tures of 1150°C samples (Table 2) was re-
mained practically unchanged, the tempera-
ture 1150°C was defined as optimal.

Figure 6 shows the XRD patterns of
heat-treated at 1150°C samples of composi-
tion 70 wt.% borosilicate glass + 30 wt.%
potassium magnesium phosphate with Cs.
Presented data demonstrate that the phase
composition was represented by potassium-
magnesium phosphate K,_Cs,MgPO,, cris-
tobalite SiO, and potassium-magnesium sili-
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Fig. 6. XRD patterns of glass-ceramic sam-
ples of the composition 70 wt.% borosilicate
glass + 80 wt.% solidified simulator form of
potassium-magnesium phosphate with cesium
after heat treatment at 1150°C.

Figure 7 shows the microstructure of
cleaved samples of composition 70 wt.%
borosilicate glass + 30 wt.% potassium mag-
nesium phosphate with Cs after heat treat-
ment at 1150°C. The samples are characterized
by a dense homogeneous structure and a very
uniform distribution of finely dispersed inclu-
sions. The inclusions are presented both by
particles of introduced potassium-magnesium
phosphate with cesium, and a mixture with
other elements formed as a result of reactions
between the components of borosilicate glass
and potassium-magnesium phosphate.

Table 8 shows the properties of glass ce-
ramic samples. It can be seen from the pre-
sented data that the obtained samples of
both compositions are characterized by high
density, compressive strength, and thermal
shock resistance in accordance with the re-
quirements for materials for RAW immobi-
lization (Standard 50926-96).
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Table 3. Properties of glass ceramic samples

Properties Sample composition
70 wt.% B-Si glass + 30 wt.% | 60 wt.% B-Si glass + 40 wt.%
solidified simulator form solidified simulator form
Apparent density, g/cm? 2.32-2.36 2.835-2.38
*Compressive strength, o, MPa 26-30 22-25
“Thermal shock resistance, AT, C > 550 > 550

*Requirements (Standard 50926-96) ¢ => 9 MPa, AT > 550°C

10pm NSC_KIPT
V5 10ms 7

Fig. 7. SEM microstructure of the cleavage of
the sample with composition 70 % B-Si glass
+ 30 % salt melt simulator using potassium
magnesium phosphate with cesium after heat 9
treatment at 1150°C.

10.

4. Conclusions

The possibility of application of glass-ce-
ramic materials based on borosilicate com-
pounds as protective matrices for immobi-
lization of radioactive waste was presented.
The optimal parameters for the manufactur-
ing of glass ceramics such as the chemical 13
and phase compositions, microstructure and
properties were determined. Results show 14
that the obtained materials are charac-
terized by a homogeneous structure and
high density, compressive strength and

thermal shock resistance, according with 15.

the requirements for materials proposed for

RAW immobilization. 16.
In addition, the effect of glass heat

treatment temperature on the volatility of 17.

cesium compounds was analyzed in study. It

was shown that the amount of cesium in the 18

samples heat treated at temperature of
1150°C was remained practically unchanged
compared with the cesium amount in the
initial mixture.
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