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INTRODUCTION

Ability to dispose safely of spent nuclear fuel in either reprocessed or

unreprocessed form is crucial to the progress of nuclear power as an energy

source. In practice, this means placing a number of effective barriers

between the concentrated waste and man's environment. Possible barriers are:

the stability of the waste form; built-in material barriers forming part of

the waste form; the canister; overpacks; stable and dry environments; deep

burial; carefully chosen back-fill materials; and remote location.

It has long been recognised that the first barrier, the waste form,

should be a very stable material and highly resistant to the release of

radionuclides by leaching or other mechanisms. Of all proposed waste forms,

including unreprocessed fuel, most work has been done on borosilicate glass.

Recently, there has been emphasis on the development of alternative waste

forms which are more stable under hydrothennal leaching conditions and do not

have the intrinsic metastability of glass. SYNROC, proposed in 1978 by

Professor A.E. Ringwood, Director of the Research School of Earth Sciences at

the Australian National University (ANU), is prominent among these alternative

waste forms.

A variant of SYNROC, designed for possible US defence waste fixation, is

being developed in the USA under Department of Energy funding. In Australia,

SYNROC is being developed jointly by the AAEC Research Establishment (Lucas

Heights) and ANU. This paper outlines the Lucas Heights work.

OUTLINE OF LUCAS HEIGHTS PROGRAM

SYNROC is an assemblage of mineral phases chosen because they meet two

criteria; each of them has great geochemical stability and an ability to take

all the important radioactive waste {radwaste) ions into solid solution in its
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structure. At Lucas Heights, 'civil waste SYNROC' (as distinct from

'defence waste SYNROC') is being developed. This contains the three minerals

hollandite (nominally BaA^TigOjg), perovskite (CaTi03) and zirconolite

(CaZrTi207) and is known as SYNROC B; when doped with simulated radwaste it

becomes 'SYNROC C'.



Research and development on SYNROC commenced at Lucas Heights in March

1979. It was organised into three sub-projects:

(i) SYNROC Fabrication Studies, involving the inactive scaling up of

the very small scale AND work on SYNROC fabrication, together with

assessment of alternative fabrication methods.

(ii) Properties and Behaviour of SYNROC Minerals and Systems, involving

mineral characterisation, accelerated radiation damage studies,

measurement of selected mechanical and thermophysical properties

and kinetic studies of mineral formation during SYNROC fabrication,

(iii) Leach Testing of SYNROC, involving systematic atmospheric pressure

and hydrothermal leach testing of SYNROC specimens fabricated at

Lucas Heights.

The Lucas Heights work en SYNROC involves seven professional and six

technical staff together with service support. The current status of the

research is as follows.

SYNROC FABRICATION

Powder Preparation

In the reference process for SYNROC B, fine powders of ZrO2, TK>2,

Al2O3, CaCO3 and BaCOa are milled in alcohol with stabilised zirconia media

and the slurry is dried, precompacted at 30 MPa and calcined in air at 1100°c

for 16 hours. The calcined compacts are then remilled. For SYNROC C,

10 weight percent of simulated radwaste (as mixed oxides) is added before the

first milling, and the calcination is carried out in a suitably reducing

atmosphere prior to remilling as before. In each case, the resultant powder

is ready for fabrication.

Alternative powder preparation processes, aimed at reducing the

calcination temperature and time, are being studied, to determine which one

is most suitable for fabrication scale-up.

Hot Pressing

Hot pressing in graphite dies was chosen as the first reference method at

Lucas Heights. Blocks of SYNROC B and C, up to 50 mm in diameter, can be

fabricated routinely by a method which is the subject of a patent application.

The applied pressure is 6.9 MPa and the maximum temperature used may be either

1250 or 1330°C. At both temperatures the products have near-theoretical

(- 99%) bulk density.

Cold Pressing and Sintering

Cold isostatic pressing and sintering has been used extensively for the

preparation of mineral and small SYNROC specimens and is being scaled up by



the commissioning of a 100 mm diameter tube furnace with atmosphere control

and automatic pusher facilities. The starting materials currently being used

require a temperature of 1300°C and a sintering time of up to 16 hours for

full densification.

In-Can Hot Pressing

This process, which has been developed on a laboratory scale at Lucas

Heights and is the subject of another patent application, has been chosen for

inclusion in a larger SYNROC fabrication line now being assembled. The

objective is to demonstrate on a reasonable (~ 30 kg block) scale that SYNROC

fabrication can be a reasonably simple process, eventually amenable to remote

operation under hot cell conditions.

REACTIONS DURING PROCESSING

The reactions between the relevant oxide powders to form the three single-

phase minerals and the three-phase SYNROC assemblage have been studied by

isochronal annealing followed by X-ray diffraction. The results are reported

in a companion paper at this conference.

This study led to the specification of calcination procedures such that

the desired phases are completely formed during the subsequent densification

step.

Hot-pressed specimens containing simulated radwaste are routinely examined

by X-ray diffraction and electron microprobe analysis, both of which indicate

that all three expected phases are present and that all radwaste elements are

in the expected phases.

FAST NEUTRON IRRADIATION

Past neutron irradiation of SYNROC and the SYNROC minerals is being used

to simulate radiation damage in SYNROC, from the decay of the residual actinide

component of radwaste, over many thousands of years. This work, which has given

very promis:

conference.

very promising results, is discussed in a further companion paper at this

LEACH TESTING

Leaching by groundwater is the mechanism most likely to return buried

high level radioactive wastes to the biosphere. A low leach rate is therefore

one of the most important criteria in assessing alternative waste forms.

Equipment has been set up to compare the rate of leaching of SYNROC and

borosilicate glass under identical conditions. Suitable samples of boro-

silicate glass incorporating simulated wastes have been prepared, while samples

of other glasses have been obtained from nuclear energy establishments in the
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USA, France and UK. Most experiments have been carried out with glass and

SYNROC specimens containing 10 weight percent simulated waste. The specimens

were ground, unpolished discs, 10 mm diameter x 2 mm thick.

Three types of leach tests are being carried out:

Soxhlet tests in which the waste is contacted with refluxing water

at 99 ± 1°C for 72 hours ,

Hydrothermal tests using deionised water at temperatures up to 300°C,

Long-term, low temperature (< 100°C) tests using the procedures

recommended by the International Organisation for- Standardisation

(ISO)9.

Measurements of leach rate are calculated on the basis of both weight

loss and concentration of specific elements in the leach solution. Leach

solutions are analysed by atomic absorption and fluorimetry for the key waste

elements caesium, strontium, europium (representing the rare earths) and

uranium (representing the actinides). Neutron activation analysis (NAA) is

also used on some specimens. In this method, discs of SYNROC and glass are

irradiated in the Moata reactor for up to one day at a thermal neutron flux of

about 1012 neutrons cm"2 s-"1. A Ge(Li) detector is used to measure the gamma-

ray spectrum of the leach solution soon after the test. The more active solid

specimen must be further cooled before it can be counted.

Leach tests have shown that leach resistance depends markedly on the

method of SYNROC fabrication and leach rates have decreased with the development

of better fabrication methods. Soxhlet tests have shown that the best SYNROC

samples are more leach-resistant than borosilicate glass, in terms of both

weight loss and solubility of specific elements. Measurements of overall leach

rate under hydrothermal conditions indicate that SYNROC has an even 'greater

advantage over glass. At 300°C, glass is subject to gross attack and the overall

leach rate of the best borosilicate glass is one hundred times that of SYNROC.

This suggests that wastes incorporated in SYNROC could be stored at higher

temperatures than those incorporated in borosilicate glass.

Experiments are in progress to further refine fabrication techniques to

produce an even more leach-resistant structure. Hydrothermal leach tests will

be carried out in brine solutions as well as in deionised water.

OTHER TESTS

Other important properties of SYNROC and its constituent minerals will be

measured at Lucas Heights. Friability testing of SYNROC to determine the

percentage of respirable material produced in severe impacts has conroenced.

In the first series of tests, SYNROC produced significantly fewer fines than
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borosilicate waste glass in similar tests. This work has been extended to

examine SYNROC material variables, such as fabrication temperature and time.

Thermophysical properties such as thermal expansion and thermal conductivity

will also be determined on SYNROC and separately on its constituent minerals.

CONCLUSION

Progress in SYNROC research and development at Lucas Heights has been

made on a broad front. SYNROC fabrication is being scaled up using a hot-

pressing process; fast neutron irradiation tests simulating displacement

damage in SYNROC and its minerals have given very promising results; and the

superior leach-resistance of simulated radwaste-doped SYNROC compared with

borosilicate waste glass, particularly under hydrothermal conditions, has

been confirmed.
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INTRODUCTION

In the SYNROC process ' , high level radioactive waste (radwaste) from

reprocessed nuclear fuel is immobilised in a synthetic mineral phase assemblage

formed from a mixture of oxides, principally Ti02, BaO, ZrO2, A12O3 and CaO.

The variant of SYNROC usually known as SYNROC B contains the three phases, .

barium hollandite (BaAlaTieOig), perovskite (CaTiOs) and zirconolite

(CaZrTi2O7), chosen for their great geochemical stability and for their

ability to take into solid solution, as titanates, all the important radwaste

elements.

Radiation effects in SYNROC may arise from both transmutation and

actinide decay (a-particle emission) processes in the radwaste elements.

There are two main examples of the former effect. Thirty-year half-life
137Cs enters the hollandite structure and transforms, over about 600 years,

to 137Ba. Similarly, in the perovskite 29-year half-life 90Sr transforms to
90Zr. Ringwood et at. have argued that the hollandite and perovskite

, structures could easily accommodate these transformations. On the other

hand, alpha particle emission events, resulting from the small residual

content of actinides (notably neptunium, plutonium, americium and curium) in

the radwaste, will occur almost entirely in the perovskite and zirconolite

phases, in which these elements will be concentrated. Actinide decay continues

at a significant rate for at least 106 years, during which time it may cause

significant displacement damage to the host structures.

Actinide decay damage may be assessed either by observing the condition

of relevant natural minerals which contain sufficient levels of uranium and/or

thorium for them to have accumulated the required density of actinide decay

events, or by accelerated irradiation testing. Ringwood et al. have chosen

the former approach for their studies at the Australian National University,

whereas we have chosen to complement the work by using the latter approach.

This paper reports the first results of a program to assess displacement

damage in SYNROC and SYNROC minerals using fast neutron irradiation to

accelerate the rate of damage.

RELEVANCE OF FAST NEUTRON IRRADIATION

The ct-particles emitted by the neptunium, plutonium, americium and curium

isotopes and by the ct-emitters among their daughter products have energies

mostly in the range 4-6 MeV. Furthermore, each a-emission results in coincident

*Published in full in J. Aust. Ceram. Soc. 16 (1980) 10.



recoil of the actinide nucleus with an energy in the range 0.09-0.12 MeV. The
4

a-particles have a range of 10-20 ym in the material, cause less than 10% of

all the atomic displacements and finally deposit in the structure as isolated

helium atom:;. The actinide recoils cause the remaining displacements over a

very short range. For borosilicate waste glass, the calculated displacements

per a-event have been reported as 1500 from the actinide recoil and 140 from

the a-particle. Sample calculations for SYNROC for one actinide nucleus

(2ltlAm) and a-energy {5.5 MeV) gave 1585 for the actinide recoil and 79 or

110 for the a-particle. Because there is actually a range of actinide nuclei

and ct-energies involved, these figures have been rounded to 1500 and 100

respectively.

If the effects of these atomic displacement? are to be observed in the

laboratory (or hot cell) on laboratory-made specimens, the rate of damage must

be accelerated by many orders of magnitude, so that experiments may be

completed in no longer than 1-2 years. Such acceleration may be achieved in

any one of three ways:

(i) A short-lived a-emitting actinide such as 2l|2Cm (163 days) or
241*Cm (17.9 years) is added, as oxide, to the specimen during

manufacture.

(ii) Fission fragments produced by reactor irradiation of specimens to

which 2^U, as oxide, has been added during manufacture, cause

displacement damage which can be correlated with that from a-emission

in the real case,

(iii) Reactor irradiation of specimens in a fast neutron flux causes

displacement damage which can be correlated as in (ii).

Method_(i) has the attraction of a close simulation of the real case.

However, the level of actinide oxide addition has to be higher than in the

real case and the high cost of the necessary isotopes effectively limits

specimen size and number. Method (ii) provides the least accurate simulation

of the real case, correlation of displacement damage with that in the real

case is the most difficult, and the irradiated specimens have a very high

activity level.

Method (iii) is simple, produces only moderately active specimens and,

given the availability of a high flux reactor, is reasonably cheap. Damage

correlations are easier to achieve than in method (ii). However, the method

has two disadvantages:

(i) No a-particles are produced, so there is no simulation of any

effects of helium atom deposition in the structure.
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(ii) In SYNROC, all three phases will experience the same fast neutron

dose whereas, in the real case, the hollandite contains no

actinides and therefore experiences no recoil damage.

The first disadvantage is thought to be not very significant. In the

real case, the helium atoms in SYNROC would be very unlikely to nucleate to

form helium gas at the geological disposs.1 temperature involved (100-300°C),

and we believe that displacement effects on properties will far outweigh the

effects of helium atom deposition.

The second disadvantage is more important. In the real case, the

hollandite will experience virtually no recoil damage. However, alpha

particles of, for example, 5.5 MeV originating in adjacent perovskite or

zirconolite phases can penetrate to the hollandite phase with a total range
4

of 16 ym. Most of the energy deposition will be near the end of this

a-particle track. Simple geometrical considerations show that if the hollandite

grain size is finer than about 8 ym, the number of a-particles originating

within 8 ym of the centre of a hollandite grain surrounded by grains of the

other two phases is hardly affected. The limiting displacement damage in the

hollandite will therefore be the same as that due to to a-particles alone in

the other phases; this limiting value will apply:

(i) in hollandite grains finer than about 8 ym, and

(ii) at the periphery of large hollandite grains.

The hollandite in many of the AAEC's SYNROC specimens is in fact often in the

range < 1 ym to 5 ym, so the derived limiting value has reasonable physical

significance. Using the rounded values of 100 displacements from the

a-particles in a.total of 1600 displacements per a-event, it can be seen that

in these fast neutron irradiation experiments the hollandite is being 'over-

irradiated1 compared with the other phases by a factor of about 16.

Apart from the limitations of fast neutron irradiation discussed above,

the underlying assumption in this work is that the displacement damage in the

fast neutron and a-emission cases is qualitatively similar and amenable to

quantitative correlation. We believe that, qualitatively, once the fast

neutron, the actinide recoil nucleus and the a-particle have produced primary

knock-on atoms from the SYNROC mineral structures, further atomic displacements

are produced in much the same way, but their number depends on the energy

available for dissipation. Established methods are used to estimate the number

of displacements (usually expressed as displacements per atom (dpa)) in the

fast neutron and a-emission cases.



RESULTS OF CALCULATIONS

Basing her calculations on the data of Cohen for low enrichment U02

fuel, Oversby estimated the number of a-events per gram as a function of

disposal time ('SYNROC age1) for SYNROC containing 10% radwaste. These events

were assumed to occur equally i.n the perovskite and zirconolite phases. Using

the figure of 1600 displacements per a-event together with Oversby's results

for a-events per gram, dpa was calculated as a function of SYNROC age for

perovskite and zirconolite. For hollandite, the values were divided by 16,

as discussed above. The results are shown in Table 1.

TABLE 1

ALPHA DAMAGE IN SYNROC MINERALS

SYNROC Age

10 3

10"

105

106

107

a-events/g

(x 1018)
in Perovskite
& Zirconolite

1.1

2.2

4.2-

15.0

50.5

Displacements

Perovskite &
Zirconolite

0.09

0.18

0.34

1.20

4.04

per Atom (dpa)

Hollandite
(Limiting Values)

0.006

0.01

0.02

0.08

0.25

Similar calculations were made for the fast neutron irradiation case. For
1 Qthe measured neutron dose in the irradiation experiment of 6.5 x 1013 neutrons

cm"2 (> 1 MeV), the calculated dpa for all three SYNROC phases was 0.18. This

corresponds to perovskite and zircoriolite ages of - 10,000 years and for

hollandite a minimum age of between 105 and 107 years.

EXPERIMENTAL

Specimens of SYNROC and its constituent minerals were prepared from fine

powders of TiO2, Zr02, A12O3, BaCO3 and CaCO3 using a cold pressing and

sintering technique. Exact compositions, fabrication methods and as-sintered
g

properties are detailed in the extended version of this paper .

Characterisation methods included optical microscopy, scanning electron

microscopy, X-ray diffraction, bulk density and open porosity .determination,

and length measurement. Tests-on irradiated specimens, other than X-ray

powder diffraction, had to be carried out in the high-activity handling cells

at Lucas Heights.

In the irradiation experiments, four cylindrical (10 mm dia. x 15 mm long)

specimens of each material were irradiated at 'pile temperature1 (75-100°C) for

22 days.
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RESULTS

All specimens were intact after irradiation but macro-examination at

magnifications up to x 15 showed that cracking and chipping had occurred in

the perovskite and, to a lesser extent, in the hollandite. However, no

macro-cracking was observed in the SYNROC.

Metallographic examination revealed extensive micro-cracking in the

perovskite and hollandite; in the SYNROC, isolated micro-cracks occurred only

in a free titania phase, which was present to the extent of - 2 volume percent.

The average volume and density changes, and the lattice volume change .

determined by X-ray diffraction on small powder samples from one specimen of

each mineral, are presented in Table 2. All materials had expanded and,

except for the density change in hollandite, all measurements on any one

material were in quite reasonable agreement.

TABLE 2

VOLUME AND DENSITY CHANGES IN IRRADIATED MATERIALS

Property

Inferred* volume change (%)

Density change (%)

Lattice volume change (%)

SYNROC B

1.68

-1.63

n.d.

Perovskite

2.64

-2.00

-2.59

Hollandite

1.44

-0.60

-1.20

* from 3 x length change

The X-ray diffraction pattern of irradiated SYNROC was extensively fogged,

preventing accurate line measurement. In the irradiated perovskite, apart from

line shifts, the diffraction pattern was hardly altered. However, in the

hollandite case, all the high angle lines had completely disappeared.

CONCLUSION

It was encouraging to find that at a simulated 10,000 years' of radiation

damage, SYNROC did not crack, and expanded only modestly. The observed

expansion was smaller than that observed for one of the constituent minerals,

perovskite. Furthermore, since the expansion of perovskite was greater than

that of hollandite, the behaviour of the hollandite, which, under real condit-

ions would experience much less displacement damage, had not dominated the

behaviour of neutron-irradiated SYNROC. This generally supports the validity of

accelerated irradiation testing of SYNROC using fast neutrons.

Support also comes from unpublished work at the Australian National
g

University. Natural perovskite crystals, which had contained uranium and

thorium for 5 x 108 years and had accumulated a-events equivalent to a SYNROC

age of 1 x lO1* and 1.7 x 101* years, had well-defined, but expanded X-ray
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diffraction patterns. Annealing of the crystals at 1100°C restored the

standard perovskite pattern, the lattice having now contracted by 1.8 and

1.9 volume percent respectively. These figures are in remarkably good

agreement with the neutron irradiation results presented in Table 2.

The irradiation program on SYNROC and the three constituent minerals is

continuing at Lucas Heights for exposure times up to six months; this will

produce displacement damage equivalent to a SYNROC age of - 9 x 10s years.

The effect of different fabrication routes and the addition of simulated

radwaste will also be investigated. Analysis of the X-ray .diffraction

patterns of irradiated materials will be more detailed and in-cell leach

testing will be introduced.
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INTRODUCTION

SYNROC-B has been proposed as a vehicle for the immobilisation of

solidified radioactive waste . It consists of an assemblage of three synthetic

mineral phases: perovskite (CaTiO^), barium hollandite (BaAl2TigOi6) and

zirconolite {CaZrTi2Oy). These minerals were chosen because they are

geochemically very stable and can take up all the important radioactive

waste ions into solid solution in their structure. The formation and

fabrication of SYNROC-B involves the solid-state reaction synthesis of the

three mineral phases from a mixture of oxides or oxide precursors. In this

paper, the results of a study of the formation and fabrication of each

individual mineral phase and of undoped SYNROC-B (i.e. SYNROC without added

radwaste) from its oxide components are reported. Studies on the addition of

simulated radioactive waste to SYNROC are reported separately at this
2

conference .

EXPERIMENTAL

Laboratory reagent grade CaCO$, BaCO^, A1203, ZrO2 and TiO2 were used.

They were mixed by ballmilling in ethanol for 2 h with zirconia grinding media.

For calcination studies, 13 mm diameter compacts were formed in a steel die at

70 MPa from the dried and granulated powders. The compacts were calcined,

usually for 16 h, at various temperatures in flowing air to remove the C02

resulting from the decomposition of CaCOs and BaCO$. The following character-

istics were determined: dimensional change, apparent density and reaction

sequence (X-ray diffraction analysis for the presence of starting materials,

intermediate phases and desired end products). The amount of unreacted CaO at

each calcination temperature was determined by a thermogravimetric technique.

The calcined specimen was exposed to an air/steam mixture to convert any

unreacted CaO to CaCOs or Ca(OH)2. Then, using a thermobalance, the amounts

of CaCOs or Ca(OH)2 were determined from the weight loss on decomposition,

from which the amount of CaO present was calculated. The calcination character-

istics are summarised in Table 1 and Figures 1-3.

DISCUSSION

Reaction Sequence

Stoichiometric mixtures of CaO-and Ti02 react readily to-form perovskite.

The reaction is essentially complete after 16 h calcination at 1100°Cr as

indicated by the almost complete consumption of CaO (Table 1). Even at 1000°C
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the X-ray diffraction pattern showed only CaTiC>3. Free CaO and TiO2 were

not detected.

Zirconolite is formed via the intermediate phase perovskite. Figure 1

shows that at a calcination temperature of 750°C, approximately half of the

TiO2 has been consumed and the corresponding amount of perovskite (CT) has

been formed. The consumption of zirconia (Z) and the formation of zirconolite

(CZT2) do not begin until a calcination temperature of 900°C has been reached.

VJith increasing temperature the total amount of free Ti02 decreases steadily

while the residual anatase (£_-.) is converted into rutile (R). The formation

of zirconolite is essentially complete at 1200°C.

The formation of barium hollandite (BATg) takes place via two intermediate

phases, BaTiOs (BT) and BaTii^Og (BTij) . Figure 2 shows that during calcination

at 750°C a considerable amount of BT and a small amount of BT^ are formed,

consuming a corresponding amount of TiO2. The formation of BATg and correspond-

ing consumption of A12C>3 (A) require temperatures > 800°C. As the calcination

temperature is increased, the amount of BT decreases rapidly, the amount of

BT4 passes through a maximum at 900°c, increasing BATg is formed and A12C>3

and TiO2 are consumed. Residual Ti02 is increasingly converted from anatase

(An) to rutile (R) . All the BTi, has disappeared by about 1100°C and the

synthesis of BATg approaches completion at 1200°C. The following reaction

sequence is suggested:

B + T •> BT < 900°C

BT + 3T -> BTij 700-1100°C

BTif + A + 2T -»• BATg 850-1200°C

However, further detailed work would be required to confirm this sequence.

The processes occurring in the calcination of SYNROC-B are shown in

Figures 3A (reactants) and 3B (products). A large proportion of TiO2 is

consumed at low calcination temperatures in the formation of the intermediate

phases CT, BT and BT^. Perovskite, CT, which is both an end product and an

intermediate phase in the formation of zirconolite, CZT2, forms in large

quantities at low calcination temperatures. In fact, over a wide range of

calcination temperatures the amount of CT exceeds the final amount present in

the fully reacted SYNROC-E. The formation of hollandite, BATg, requires the

highest temperature to get started, about 900°C, but then it proceeds rapidly,

consuming A1203 at a fast rate. Zirconolite, CZT2, starts to form at about

800°C, but at an apparently slower rate than hollandite (as confirmed also by

the apparently slower rate of consumption o ' Zr02 compared with that of

A12O3). The reduction in the amount of CT is correspondingly slow, and neither

synthesis nor phase equilibrium is achieve*! ' il 1300°C has been reached.
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Change in Volume

Significant changes in the dimensions of the specimens were observed

(Table 1). At the temperatures at which the reactions are essentially

complete, the perovskite volume was virtually unchanged (-—= 0.2% at 1100°C),

zirconolite increased in volume by 16.2% (-— = +5.4% at 1200°C) and hollandite

decreased in volume by more than 10% (— = -3.5% at 1100°C). These observations
3

can possibly be explained as follows: It has been found that perovskite is

formed by the mutual diffusion of Ca2+ and Ti1** ions, but the mobility of Ti4+

(ionic radius 0.068 nm) is far greater than that of Ca2+ (ionic radius 0.099 nm).

Assuming mobility to be inversely proportional to ionic radius, the ionic species

involved in the formation of SYNROC-B minerals are ranked in the following order

of increasing mobility: Ba2+ (0.135 nm) , Ca2+ (0.099 nm) , zA1" (0.080 nm),

Ti1** (0.068 nm) , A13+ (0.050 nm) .

Because CaCC>3 particles are known to retain their bulk volume on decompos-
4

ition , in the calcination process the BaO and CaO particles will have a bulk

volume approximately equivalent to the molar volume of BaCOs and CaCC>3

respectively. Formation of the compound occurs by the migration of the more

mobile species (Zr'**, Ti4*"*"/ Al^+) towards the CaO or BaO particles, which

increase in volume in the-ratio molar volume of compound : molar volume of

CaO or BaO. At the same time, the molar volumes of Zr02, TiO2 and A^OS are

"consumed" during the reaction.

Table 2 shows the calculated changes in volume and dimension for the three

compounds, in comparison with the observed values. Although the effects of

(i) the migration of ions in both directions, (ii) the occurrence of intermediate

phases and (iii) the shrinkage due to the onset of sintering are ignored in this

simplistic model, the calculated values are in good agreement with the experimental

results. In the calcination of SYNROC-B the growth in zirconolite is largely

counterbalanced by the decrease in volume of hollandite.

APPLICATION

In choosing the optimum calcination temperature for each material, two

factors need to be considered:

a) The degree of completion of the mineral synthesis. (Separate

experiments had shown that incompletely reacted powders yield

lower sintered densities and higher open porosities than fully

reacted powders).

b) The ease with which the calcined compacts can be reduced to a fine

sinterable powder.

Perovskite and zirconolite need to be calcined at 1100°C and 1300°C

respectively for complete reaction. Compacts calcined at these temperatures



proved to be quite friable (-—= 0.2% and +2.6% respectively! and were easily

reduced to a fine powder by crushing and ballmilling.

Hollandite requires a calcination temperature of 1200°C for complete

reaction. However, compacts calcined at that temperature were extremely hard

and difficult to reduce to a uniform fine powder (-—= -19.6%). A reasonable
LI

compromise was to calcine the hollandite compacts in two stages of 24 h each

at 1050°C (cf. a single 16 h stage for all other materials). The compacts

were crushed, ballmilled and re-compacted between the calcination stages.

By this method a sinterable powder was produced in which the reaction was

already approximately 90% complete.

SYNROC-B requires a calcination temperature of 1300°C for complete

reaction. Compacts calcined at that temperature are quite hard

(— = -15.6%). Calcination for 16 h at 1200°C produced a material that was

nearly fully reacted, and compacts which although hard (— = -3.4%) were
L

surprisingly easy to break up into a fine powder. This is because the forces

bonding particles of different phases together are weak owing to the differ-

ences in their change of volume during synthesis.

The synthesis of SYNROC-B, a system of three equilibrium phases, by solid

state reaction from a mixture of oxide components is perhaps unusual in ceramic

technology. The fabrication of most ceramic multiphase systems, such as white-

ware and refractories, often involves a liquid phase. Detailed study of the

reaction sequences and physical changes during the calcination of the

individual phases has enabled the processes occurring in the more complex

SYNROC-B system to be understood and the optimum calcination conditions for

each material to be established.
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TABLE 1

CALCINATION CHARACTERISTICS

Perovskite (CaTiOs)

Calcined 16 h at

Unreacted CaO (%)

IT (%)

Density (% T.D.)

Zirconolite (CaZrTi2O7)

Calcined 16 h at

Unreacted CaO (%)

r1 (%)
Density (% T.D.)

Hollandite (BaAl2Tie016)

Calcined 16 h at

£*<•>
Density (% T.D.)

SYNROC-B

Calcined 16 h at

r~ (%)
Density (% T.D.)

Surface area (m2/g)

1000°

1.47

+1.0

37.1

1100°

0

0

49.7

900°

0

38.8

1000°

+0.8

43.4

1.8

TABLE

1100°

0.1

+0.2

37.5

1200°

0

+5.4

42.2

1000°

-0.5

44,7

1100°

+0.4

44.6

0.7

2

1200°

0

-3.1

42.4

1300°

0

+2.6

45.0

1100°

-3.5

50.5

1200°

-3.4

49.8

0.5

1300°C

0

-6.2

46.0

1400°C

0

-22

94

1200°

-19.6

89.4

1300°C

-15.6

76.6

0.35

CHANGE IN VOLUME AND DIMENSION DURING THE CALCINATION
OF PEROVSKITE, ZIRCONOLITE AND HOLLANDITE

Calculated Experimental

AV AL AL
V L L

Perovskite -0.9 -0.3 +0.2 1100°c

Zirconolite +14.8 +4.9 +5.4 1200°C

Holland!te -20.3 -6.8 -19.6 1200°C

at



REFERENCES

A.E. Ringwood, S.E. Kesson, N.G. Ware, W. Hibberson and A. Major,
"Immobilisation of High Level Nuclear Wastes in SYNROC", Nature 278,
219-223, 1979.

K.D. Reeve, E.J. Ramm, J.L. Woolfrey and R.K. Ryan "SYNROC Research and
Development at Lucas Heights". Paper presented to Austceram '80.

E.V. Degtyareva, L.I. Verba and N.V. Gul'ko. "Synthesis Kinetics of
CaTiOa". Isvestiya Akad. Nauk SSSR, Neorganicheskia Materialy, 13,
(10), 1913-1915, 1977.

J. Ewing, D. Beruto and A.W. Searcy, "The Nature of CaO produced by
Calcite-Powder Decomposition in Vacuum and in CC>2". J. Am. Ceram.
Soc. 62, (11-12), 580-584, 1979.



'he effect of calcination temperature
m the formation of SYNROC-B

'ig. 3A Reactants

i Z + An

''A o R

'ig. 3B Products

» CT + BTit

i CZT2 BT (inferred)

r BAT6

Fig. 2 A

y
The effect of calcination temperature
on the formation of barium hollandite

x BATe 0 A

e BT. A An

o BTt! V R


