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Abstract

The effect of Fe and (Al + SiO,) additives on the combustion mode, porosity, phase composition and structure of
synthesized Y,Ti,O;-based pyrochlore ceramic matrices. It is shown that the introduction of Fe powder does not affect the
phase composition of the ceramics. The presence of aluminum in the charge led to the formation of phases of Y;Al;0;, garnet
and YAIO; perovskite. In the presence of the selected additives, combustion of charge billets was in a controlled stationary
mode, the ceramic samples retained the shape and dimensions of the charge billet, had a cast structure, but the additives did not
significantly reduce the porosity of the resulting ceramics. Ceramics with an open porosity of less than 10 % were obtained by
applying an axial force of 0.1-0.3 kN per product after completing the combustion process.
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Introduction

The research is aimed at solving the urgent
problem of a closed nuclear fuel cycle — neutralization
of high-level wastes (HLWS) containing actinides.
HLWs with a high content of actinides occur during the
fractionation of waste and represent the greatest nuclear
threat to the environment. One of the promising
approaches to the immobilization of HLWs is their
isomorphic inclusion in chemically, mechanically,
radiation-resistant mineral-like matrices that prevent
the ingress of radionuclides into the environment [1].

This paper is a continuation of studies on the use
of the SHS method for the synthesis of mineral-like
matrices  Y,Ti,0;-based pyrochlore composition
enriched with  zirconium, and intended for
immobilization of the actinide-containing fraction of
HLWs [2, 3].

In the course of the study, two problems were
solved: dispersion of the reaction mass in the
combustion process of charge billets at atmospheric
pressure and high porosity of by the SHS method
ceramics produced without the use of pressing. When
burning thermite compounds, the combustion
temperature may exceed the melting point of the final
products [4]. In this case, combustion is accompanied

by a strong spread of the melt and proceeds in an
explosive mode. The creation of excess gas pressure
(argon, air), a decrease in the caloric content of the
mixture due to dilution with oxide additives or
introduction of an excess of one of the reagents into the
mixture suppress the spread of the melt and transfer the
combustion into a controlled stationary regime [5].
In the given combustion conditions, we failed to
suppress the dispersion of the reacting mass due to the
variation in the composition of the charge, the density
and size of the initial billets. Earlier it was shown [3]
that with increasing density of charge billets the

combustion temperature 7. decreases to 1500-1470 °C.
It was possible to produce ceramics that retain the
shape of charge billet only with a small load of the
burning sample. The combustion in this case was at the
limit, as indicated by the layered structure of the
product. Therefore, the dilution of the composition of
the charge by the introduction of zirconium or titanium
oxides to reduce the intensity of the process was not
suitable, since the addition of oxides led to a further
decrease in T,. In the proposed study, attempts were
made to use iron powder as additives to suppress
dispersion. Iron under the investigated conditions did
not form chemical compounds with the starting

Advanced Materials & Technologies. No. 3, 2018 29



AM&T

compounds and combustion products and was included
in the ceramic matrix in its free form due to the
reduction of Fe,O3 iron oxide, used in the preparation
of charge compositions as an oxidant. It was expected
that due to the low melting point in the combustion
conditions, the iron would be in the molten state,
increasing the fraction of the liquid phase and
contributing to a decrease in porosity. The choice of
Fe;03 as an oxidizer for the synthesis of ceramics was
associated with the production of matrices having a
lower porosity than, for example, MoO3, under similar
conditions [3]. As it is known, ceramics produced by
the SHS method have a high porosity. According to the
data of [6], high-porous Y,Ti;O7-based matrices
possess the necessary chemical stability, which
significantly exceeds the resistance of glasses.
However, it is believed that for the long-term and safe
storage of HLWs, the porosity of the synthesized
matrices must be reduced. To reduce the porosity, a
mixture (Al + SiO,) was introduced into the charge to
increase the amount of the liquid phase having a
reduced melting point. In addition, the presence of
small amounts of aluminum in the composition of the

charge should contribute to an increase in 7, due to the
interaction with iron and titanium oxides proceeding
with considerable heat release [7, 8].

The aim of the study was to investigate the effect
of Fe and (Al+ SiO,) additives on the combustion
regime, porosity, phase composition and structure of
synthesized  Y,Ti,0s-based  pyrochlore ceramic
matrices enriched with zirconium. Zirconium in
pyrochlore was introduced to increase its chemical and
radiation resistance [9].

Experimental

Justification of the choice and procedure for
calculating the charge compositions for the preparation
of Y,Tip_ Zr,O7-based ceramic matrices enriched with
zirconium pyrochlore were described in [2, 3].

In the study we used: Ti of PTOM grade, TiO; in
the form of anatase (c.p.), Y203 (c.p.), ZrO; (c.p.), CaO
(c.p.), FexO3 I (c.p.). The indispensable components
of the charge were a mechanical mixture of metal
oxides, simulating the composition of real HLWs.
The composition of the model mix of waste, %: CeO; —
25.0; LayO3 — 50.7; ZrO, — 19.6; MnO; — 3.8; Fe,O3 —
0.9. The content of model waste in the batch was
10 wt. %.

On the basis of thermodynamic calculations and
experimental data, the following composition of charge
(mole) was selected:

0.326 Ti + 0.159Y,03 +0.102 ZrO, +

+0.028 CaO +0.215 Fe,0s. (1)

According to the ratio of Zr and Ti in the
composition of the charge, up to 17 % of Ti atoms on
Zr should be replaced in the pyrochlore structure,
taking into account the introduced HLWs. The starting
charge mixture was prepared by mixing in drums with
steel balls. Pressing of billets was carried out on a
hydraulic press. The charge compositions were pressed
in the form of cylinders with a diameter of 30 and
50 mm and an average density of 2.7 g/em’.
The pressed billets were placed in backfills of coarse-
grained quartz, so as to increase the cooling time of the
synthesized matrices, to reduce heat losses and to retain
the shape in the event of possible melting, and to
facilitate the evacuation of gases. The combustion
process was initiated from the upper end of the charge
billet by local heating through the ignition layer of Ti
powder. Further, the combustion process spread like a
pattern spontaneously in the form of a combustion
wave. After passing the combustion wave, the samples
were cooled under natural conditions. The SHS resulted
in production of matrixes in the form of cylinders of
dark gray color.

The combustion temperature 7, was determined
by the thermoelectric method with the help of
tungsten-rhenium thermocouples (BP-5/20) with a
diameter of 200 pm. Thermocouples were installed in
the center of charge billets at a distance of 5 mm

from the bottom end. To measure T, billets with a
diameter and height of 15-18 mm were used.
The measurement error was 50 °C [10].

The open porosity was determined by standard
methods.

The XRD was carried out on a DRON-3M

(Cu—K, cathode) installation. The investigation of
the microstructure and local elemental analysis of the
surface of ground samples were carried out using an
ultra-high  resolution  field-emission  scanning
electron microscope ULTRA plus (Germany,
Karl Zeiss).

Results and discussion

Ceramics sample No. 1

The charge composition No. 1 was prepared by
adding 5wt.% of Fe powder to the starting
composition (1). After the SHS, no dispersion was
observed, the combustion products were produced in
the form of cylindrical blocks completely replicating
the shape and dimensions of the initial charge billets,
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while retaining the angles of the end surfaces.
The samples of the products looked dense and slightly
porous.

When measuring 7, of the initial charge
composition (1) containing 10 % of HLWs, a value of
1500 °C was obtained, and for the composition No. 1,

T, was 1470-1480 °C. From a comparison of the
obtained values of T, it can be seen that the addition of

5 % iron led to a decrease in 7, by 20-30 °C, which is
comparable with the measurement error.

Fig. 1 shows the diffractogram of a ceramic
sample No. 1. According to the XRD data (Fig. 1), the
combustion product is formed by Y(Tig.g5Zro.15)207
pyrochlore phases, CaTiO3 perovskite and metallic Fe.
In the structure of pyrochlore, 15 % of Ti atoms on Zr
are replaced, which is close to the ratio of the content
of these elements in the charge.

The investigation of the microstructure showed
that the combustion product had a cast, but porous
structure. The pores were very small, and permeated
the entire product, leaving practically no dense area.
To illustrate Fig. 2a—c show photographs of the
microstructure of the combustion product at various
magnifications. A feature of the product obtained is the
presence of two types of iron precipitates — iron,
reduced from oxide in the form of fine precipitates with
a size of not more than 2 um, and iron, introduced in
the form of a powder. The latter occupies rather
extensive areas and is separated from the main mass of
the matrix by the boundary formed by iron oxide.
Obviously, initially the particles of the powder of the
iron used were covered with an oxide film that was not
recovered during the synthesis. In Fig. 2b in the upper
part of the photo a particle of iron separated from the
bulk of the ceramic by a dark strip of oxide film is
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Fig. 1. Diffractograms of ceramics produced by combustion
of compositionsNo. 1, 2, 3

shown. Fig. 2¢ clearly shows three phase components
of the oxide phase, which are in close contact.
According to the analysis, the oxide phase is based on
rounded pyrochlore grains, which form
microcrystalline aggregates of gray color (Fig. 2c¢).
A feature of the obtained structure is also the absence
of pyrochlore grains with a ring structure, which was
observed in all our previous studies, regardless of
which oxide was chosen as the oxidizer — Fe;O3 or
MoO:s. There are no interlayers of other phases between
the pyrochlore grains in microcrystalline aggregates. It
can be seen that the pyrochlore grains, as well as the
perovskite grains, differ in color, indicating variations
in their composition. Thus, the composition of
pyrochlore at point 5 is more enriched in zirconium
than at point 6. Perovskite grains located in close
intergrowth with pyrochlore have a light gray color.

Electron Image 1

9

Fig. 2. Microstructur e of the product of composition No. 1 at different magnifications:
a—x100; b —x 5000; ¢ — x 20 000;
b: 1,2 —Fe; 3, 4 — Fe oxide, CaTiO; perovskite; 5, 6 — CaTiO; perovskite; 7 — 9 —Y,Ti,0O; pyroclore;
c: 1 —Fe; 2 — LaTiO; perovskite; 3, 4 —CaTiO; perovskite; 5 — 8 — pyroclore
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Distribution of elements (at. %) in Fig. 2b

Spectrum O Al Si Ca Ti

Mn Fe Y Zr La Ce

1 34 1.8 0.1 0.0 0.5 0.0 93.8 0.0 0.1 0.1 0.1
2 2.8 2.2 0.4 0.1 0.0 0.0 93.5 0.2 0.3 0.2 0.2
3 62.2 0.7 0.1 0.1 1.8 0.2 325 1.7 0.4 0.1 0.1
4 60.7 1.0 0.0 0.1 0.6 0.0 36.9 0.4 0.0 0.0 0.1
5 67.1 0.9 0.5 1.8 11.5 0.2 4.1 9.1 0.8 2.8 1.1
6 41.3 1.6 0.7 0.9 5.7 0.0 408 5.7 1.3 1.4 0.6
7 66.9 0.6 0.9 0.8 11.8 0.2 23 13.5 1.8 0.6 0.5
8 65.1 0.6 0.6 0.8 13.5 0.1 1.6 14.8 1.4 0.8 0.5
9 66.0 0.7 0.8 0.6 13.5 0.0 0.9 14.6 1.7 0.6 0.5
Distribution of elements (at. %) in Fig. 2c

Spectrum o Ca Ti Mn Fe Y Zr La Ce
1 36.7 0.3 6.3 0.0 46.0 8.8 1.1 0.5 0.2

2 69.6 1.0 9.2 0.4 5.0 11.4 0.6 1.8 1.1
3 65.2 3.1 11.3 0.2 59 9.8 0.5 2.7 1.4
4 66.9 2.2 11.3 0.4 4.4 10.8 0.7 2.1 1.2
5 67.6 0.5 13.1 0.1 1.5 14.3 1.3 1.0 0.8
6 69.2 0.5 12.7 0.0 1.1 14.4 1.0 0.6 0.5
7 66.8 0.9 13.1 0.1 35 13.1 0.9 1.0 0.7
8 69.4 0.6 12.8 0.0 1.5 13.6 0.7 1.0 0.6

Both phases are chemically solid solutions of
several components, including rare-earth elements
(REES) from the model mixture of HLWs. The content
of REEs in perovskite phases was much higher than in
pyrochlore.

The fine grain size of the phase constituents of
ceramics No. 1 and the ceramics studied below does
not allow us to establish their exact composition due to
the capture of neighboring regions of the matrix by the
electronic probe, which makes it difficult to calculate
the real formulas of the phases formed.

Ceramics sample No. 2

The structure of titanate pyrochlore is stable with a
content of up to 30 % zirconium in its lattice [11], and
according to XRD data, 15 % of Ti atoms on Zr are
replaced in the structure of pyrochlore as a result of
synthesis. To increase the share of substitution, addition
of 5 mass.% of ZrO, was introduced into the
composition of charge No. 1, which should lead to an

increase in the chemical and radiation resistance of
pyrochlore. Also, 4 % of the mixture (Al + SiO;) was
introduced into the charge mix, while the Fe fraction
decreased to 2.5 % by weight. The selection of the
composition was carried out experimentally.

Fig. 1 shows the diffraction pattern of product
No. 2. Five phases can be distinguished in the product:
Y2(Tip.85Z10.15)207 pyrochlore, CaTiO3 perovskites and
LaTiOs3, ZrO; and Fe. According to the XRD data, the
amount of zirconium in the pyrochlore structure due to
the additional addition of ZrO, did not increase, while
ZrO, remained in the combustion product as an
independent phase.

A study of the structure showed that the product
was porous; the pores were larger than in sample No. 1.
Iron was represented by two types of excreta: large
secretions surrounded by a dark border of iron oxide
belonging to the introduced gland and small, not
exceeding 2 um round precipitates belonging to the
reduced iron. There were also large iron deposits of
regular round shape, around which pores were formed.
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The pyrochlore grains had a rounded shape and a
weakly expressed annular structure — a dark center and
a lighter border region, and separated from each other
by phase interlayers of a darker color. The dark-colored
phase can belong to the perovskite YAIOs. Perovskite
grains contained a higher percentage of rare earth
elements than pyrochlore.

T

Tpm

b)

Fig. 3¢ shows a section of the ceramic where the
region with unreacted Y,03 is visible (point 7).
A dense ring of the gray phase is formed around Y,Os.
It is possible that the gray ring belongs to the YAIO3
alumium yttrium perovskite, in which a high
percentage of rare-earth elements and Si was noted.

Electron Image 1

9

Fig. 3. Microstructur e of the product of composition No. 2 at different magnifications:
a—x100; b —x 5000; ¢ — x 20 000;
b: 1 — 4 -Y,Ti,07 pyrochlore; 5, 6 — Fe; 7, 8 =Y AlO; perovskite;

c: 1 —Y,05; 2, 8 — YAIO; perovskite; 3, 4, 6, 7 —

YAIO3 pyrochlore; 5 — rpanatY;AlsOy, garnet

Distribution of elements (at. %) in Fig. 3b

Spectrum O Al Si Ca Ti Mn Fe Y Zr La Ce
1 674 22 1.1 0.5 9.9 0.0 0.5 131 39 0.6 0.7
2 664 22 1.2 04 107 0.1 0.3 141 34 0.7 0.5
3 70.0 3.5 1.2 0.5 8.9 0.0 0.7 9.9 44 0.3 0.5
4 63.1 29 1.4 04 115 0.1 0.8 145 33 1.0 0.8
5 53.6 37 1.7 0.4 7.1 04 188 10.1 2.6 0.9 0.6
6 490 32 1.5 0.4 8.3 0.1 206 120 29 0.9 0.8
7 669 6.5 3.6 1.2 6.1 0.2 1.3 8.8 22 1.9 1.2
8 654 55 2.9 1.1 7.0 0.3 24 9.4 3.1 1.6 1.1
Distribution of elements (at. %) in Fig. 3c
Spectrum O Al Si Ca Ti Mn Fe Y Zr La Ce
1 627 0.8 1.5 0.3 0.3 0.0 08 329 0.1 0.3 0.0
2 652 2.0 8.7 1.1 2.3 0.2 0.2 16.6 0.8 1.7 1.0
3 644 3.1 14 0.5 114 0.1 1.5 139 19 0.7 0.7
4 68.2 1.5 1.4 0.3 109 0.0 0.1 143 22 0.6 0.5
5 66.0 167 1.2 0.6 1.8 0.2 04 126 05 0.0 0.0
6 66.0 1.8 1.6 0.5 112 03 04 132 29 1.0 0.9
7 656 25 2.4 04 11.6 00 06 128 1.5 1.5 1.0
8 66.7 25 7.5 2.1 3.5 0.3 12 109 09 2.5 1.7
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Then comes the ring, consisting of a dark color
phase (point 5), it can belong to the Y3Al501; alumina
garnet. The formation of the garnet phase under
synthesis conditions is possible at a temperature of
1250-1400 °C according to the following reaction [12]:

3YAIO; + ALLO3 — Y3Al501;.

Judging from the analysis, the Y3AlsO;2 phase
contained the minimum amount of lanthanum and
cerium, compared with the phases of perovskites
(points 2, §) and pyrochlore (points 3, 4, 6, 7).

The investigation of the structure showed that the
phase of the garnet was distributed in the sample of the
ceramic not uniformly, but forms microcrystalline
aggregates consisting of intergrown grains without
interlayers of other phases between them.

To prove the formation of Y3Al50;,, the amount
of Al in the charge was increased to 4 %.
The interpretation of the diffractogram of the
synthesized ceramics in this case in Fig. 4 confirmed
the formation of the Y3Al501, phase.

Ceramics sample No. 3

This composition of charge differs from the
previous one by the absence of Fe powder in the
charge. The measurement of 7, for a given composition
showed values of 1550-1580 °C.

According to the XRD data (Fig. 1), the phase
composition of the obtained product was the same as
for composition No. 2. The structure of this product
differed from the others in the presence of rare but
large pores. Reduced iron in some areas formed large
discharge with a size of more than 200 microns,

' Electron Image 1
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Fig. 4. Diffractogram of the ceramics sample No. 4

indicating a higher 7, in this composition compared
with the previous ones (Fig. 5b). In Fig. 5b the
microstructure of the region of the matrix consisting of
the following phases is represented: pyrochlore,
LaTiOs3 perovskite, ZrO, and Fe. Probably points 7 and
8 belong to the phase of the grenade. The section of the
matrix with a larger magnification is shown in Fig. 5c.
The maximum amount of lanthanum and cerium is
contained in the perovskite phase (points 3 and 4), the
minimum amount in the pyrochlore phase.

In all three compositions, the additives were added
in excess of the stoichiometry of the original
composition according to equation (1). With an
increase in the content of iron oxide composition No. 3
in the charge in the amount necessary for the reaction
with aluminum, the Fe,Al,O4 phase was formed in the
combustion products.

' Electron Image 1

Fig. 5. Microstructure of the product of composition No. 3 at different magnifications:
a—x100; b —x 5000; ¢ — x 20 000;
b: 1, 5 — LaTiO; perovskite; 2 — Fe; 3, 8 — ZrO, region; 4, 7 — Y,Ti,0; pyrochlore
(point 6 is not identified because it coincides with point 7);
c: 1,2 —Fe; 3, 4— LaTiOs perovskite; 5, 6, 9, 10 — Y,Ti,0; pyrochlore; 7, 8 — Y3;Al;04, garnet
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Distribution of elements (at. %) in Fig. 5¢

Spectrum O Al Si Ca Ti

Mn Fe Y /r La Ce

1 422 26 0.8 0.8 9.7
2 46.8 3.8 1.9 0.4 9.2
3 65.0 2.6 0.5 1.3 13.4
4 66.2 3.7 0.5 1.4 12.0
5 65.2 1.9 1.4 0.5 12.3
6 66.5 1.6 1.2 0.4 12.0
7 68.8 5.0 3.0 0.6 8.0
8 67.0 6.8 3.7 1.0 7.1
9 64.8 1.2 0.8 0.4 13.5
10 65.3 1.6 0.7 0.6 13.7

303 82 13 19 20
232 108 21 08 09
~ 05 92 16 32 26
10 72 13 35 3.1
05 134 30 07 L1
07 134 26 05 08
01 12 88 17 15 12
01 20 74 16 18 15
1.0 133 27 09 13
04 129 24 09 14

It is shown that the open porosity of the first two
ceramics was 40 %. Below are the values for the last
composition — 30 %. To produce ceramics with low
porosity, after complete passage of the synthesis, the
hot combustion products were manually sealed. When a
single axial force of 0.1-0.3 kN was applied with the
help of a piston made of BN, they were significantly
compacted. The values of open porosity were less than
10 %. Fig. 6 shows the structure of the ceramic after
sealing in a hot state. For comparison: using the SHS
compaction method (pressure pressing on the non-
heated combustion product was 100 MPa), the open
porosities of synthesized pyrochlore-based ceramics
were 2.4—4.0 % [13].
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Fig. 6. Microstructure of the ceramic sample
after compaction (open porosity 8 %)

Fig. 7. Photo of a typical sample of ceramics

Fig. 7 shows a photo of a typical sample of
ceramics produced by SHS without applying pressure.

Conclusion

The effect of Fe additives and mixtures (Al+SiO,)
on combustion in the SHS regime in the air of pressed
batch blanks on the basis of the composition
CaO + Y 03+ ZrO, + Ti + FepO3 was studied. It is
shown that additives added to the charge contribute to
the conversion of the combustion reaction to a
controlled stationary regime. The produced samples of
ceramics completely retain the shape and dimensions of
the initial charge billets. However, the resulting
ceramic had a high porosity. It was possible to obtain
ceramics with open porosity values of less than 10%
only when the load applied to combustion products in
the hot state.
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