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FOREWORD

This biennial report covers the calendar years 1986 and

1987. This period has seen significant growth in the research

activities of the Radiochemistry Programme and this is reflected

in this report.

The report is organised subject-wise into sections

dealing with Fuel Chemistry and Thermodynamics, Sodium Chemistry/

Analytical Chemistry and Instrumentation. The major part of the

activities of the Radiochemistry Programme relates to fuel

chemistry including thermophysical and thermodynamic properties

of fuel materials, chemistry of fuel reprocessing and facilities

as well as techniques for post-irradiation studies. Sodium

chemistry is a smaller but important component of our activity,

which has reached full maturity during the period of this report.

Analytical chemistry and instrumentation are essential supporting

activities.

The rapid progress made over the last two years are

reflected in the number of items covered in this report. In order

to keep the total length of this report under control, the editors

had to restrict the individual activities to one or two pages.
•v

Though the details of various studies are not presented here, it

is hoped that the report gives an overview of the progress made by

the Radiochemistry Programme in the last two years. The list of

publications given at the end also reflects the growth in

research programmes.
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1.ITJEL CHEMISTRY AND THERMODYNAMICS

1.1 THERMAL ANALYSIS

1.1.1 Studios on tbo ignition bohaviour of uranium dicarbido

H. P. Nawada, P. Srirama Murti, S. Anthonysamy and
G. Seenivasan

Systematic studies on the ignition behaviour of uranium

dicarbide were carried out employing thermal analyser. A

knowledge of the ignition behaviour of uranium and plutonium

carbides is of interest to facilitate proper handling of these

pyrophoric carbides in various laboratory studies and also to

understand the conditons for their smooth oxidation [1/2]. No

earlier work was reported on the ignition behaviour of uranium

dicarbide. In the present work, thermal analysis in the non-

isothermal mode was employed to study its ignition behaviour.

Carbide samples were taken in thin walled cylindrical crucibles

which are in contact with a type S thermocouple. The sample

weight, temperature and derivative of temperature were monitored

as a function of time while the sample was subjected to a dynamic

heating programme with a constant heating rate under constant

air-flow conditions. At the point of ignition (T^g), the

temperature rises sharply and its deviation from the set

programme is known as over temperature. Ignition behaviour of

uranium dicarbide was found to be quite complex and it was seen

that the ignition temperature is dependent on the method of

preparation, heating rate, sample history, physical form etc.
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heating rates of 1 and 2 K/min in qaasi-isothermal mode. The

thermogravimetric runs were done in air at a flow rate of 75

ml/min and using wide silica crucibles. Weight changes

corresponding to the various stages of oxidation were monitored

and indicated in fig. 1.1.2. The reaction products in the

intermediate stages of carbide oxidation were cooled to room

temperature and characterised. The characterisation included

determination of carbon content, oxygen-to-uranium ratio

measurement and x-ray diffraction examination. The air oxidation

of the carbide was found to proceed through the intermediacy of

UO3 together with varying stages of carbon release and^

oxidatiion; the final product being U3O3. The oxidation process

was found to proceed through stages involving an adduct of UO3

and CO2 together with free carbon as well as part of the

released carbon, the 'adduct' with free carbon, UO3 with free

carbon, U3O8 with free carbon and subsequently pure U3O8. A

detailed discussion of the oxidation process is presented

elsewhere [4] . To consolidate these findings oxidation/

decomposition behaviour of UO3 + graphite, UO3, U3O8 + graphite,

sintered and unsintered graphite was also studied.

References:

1. Hj. Matzke, Science of Advanced LMFBR Fuels
(North Holland Publishers, 1986).

2. H. P. Nawada, P. Srirama Murti and C. K. Mat hews, in: Proc.
Seminar on Fast Reactor Fuel Cycle, Feb 10-12, 1986,
Kalpakkam

3. F. Paulik and J. Paulik, J. Thermal Analysis, 5 (1973) 253
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4. H. P. Nawada, P. Srirama Murti, G. Seenivasn, S. Antonysamy
and C.K Mathews; to be communicated to J. Less Common Metals

1.1.3 Application of avolvod gas analysis in the
H i studios on uranium carbido

H. P. Nawada, G. Seenivasan, P. Srirama Murti and
C. K. Mathews

In the thermoanalytical studies of reaction processes

evolved gas analysis (EGA) is quite useful and, together with TG

and DTA, provides information regarding the nature and progress

of the reaction, This technique was employed in the

thermoanalytical studies aimed at understanding the oxidation

behaviour of free and chemically bound carbon in uranium carbide

samples. Uranium dicarbide samples obtained from carbothermic

reduction route and containing small quantities of free carbon

are taken in a quartz boat which was positioned in a horizontal

furnace. The furnace was heated in a programmed manner employing

the temperature controller of the thermal analyser and

temperature of the sample was recorded using a type S

thermocouple. Air or gas mixtures of oxygen and argon were

passed over the sample at a flow rate of 50 ml/min controlled by

mass flow meter. The effluent gas stream together with the

evolved CO2 gas was bubbled through sodium bicarbonate solution

containing bromophenol indicator for a sampling period of five

minutes. In this manner continuous monitoring of the gas stream

following sampling interval of five minutes was continued

throughout the programmed heating period. The pH difference of

the solution, which is a measure of the absorbed CO2/ was

-7-
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measured before and after bubbling the gas sample. As shown In

fig. 1.1.3. EGA profile for the present reaction indicates two

regions of carbon oxidation; the first in the temperature

interval of 573 - 673 K and the second in the temperature

interval of 873 - 973 K thereby pointing out two different types

of carbon in the sample. While the first stage of oxidation

could be understood as oxidation of chemically bound carbon,

independent EGA runs for oxidationof synthetic mixtures of UC2

and graphite confirmed the second stage of oxidation around 923 K

as due to the oxidation of free graphite in the sample.

1.1.4 Representation of K-T-t relationships in nonisothexual
solid state reaction kinetics

H. P. Nawada

Kinetics of isothermal reaction processes are

represented in thermal analysis by the equation

— = K f (<=O (1)

dt

where oC i s the degree of conversion [1], (do£/dt) i s the reaction

rate, k i s the temperature dependent rate constant and f (<*) i s

a function of oC representing the reaction mechanism. The

general equation representing the integrated form of the equation

(1) i s described as g (<*) - kt (2)

while the equations (1) and (2) are useful in describing

isothermal processes, a satisfactory representation of the

kinetics of nonisothermal processes needs to be developed and the

•9 -



present work aims at this problem. Based on a rearrangement of

equation (2), it can be written as

06 « h (t,k) (3)

In isothermal kinetics k is constant at a given temperature and

ot is a function of only t whereas in nonisothermal kinetics oL is

a function of both t and k. When temperature (T) varies linearly

with time, it can be written as

T - To + p t (4)

where jB is the heating rate and is given by

dT
8 = — (5)
r dt

The temperature coefficient of rate constant { Y ) can be

expressed as , dk
1 (6)

dT

Under nonisothermal conditions, as temperature and rate constant

are implicit functions of time, from equation (3), making use of

relationships of partial derivatives,

dot / v . \ / ->w \ / dk \ / dT
(7)

dt
substituting from equations (5) and (6) into (7)

dt ^ J V^

Various functional forms of g (°C) recommended in literature for

thermoanalytical kinetics were considered and for each case, in

the h(k,t) form as well as the terms ( °°^) and (-£*:) were

calculated. The conventional equation

-10 =



d 6
.B k f (06)

dt ' dT

used to represent nonlsothermal kinetics Is just a modified form

of equation (1) and is considered inadequate. It is considered

that the correct representation is given by equation (8) in which

the second term denotes the additonal correction term.

Reference:

1. Comprehensive Chemical Kinetics, C. H. Bamford and C. F. H.
Tiper (Eds). , (Elsevier, Amiterdam, 1980) Vol. 22, p 41.
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1.2 THERMAL CONDUCTIVITY MEASUREMENTS

1.2,1 Thermal diffusivity and thermal conductivity studies on
europium, gadolinium, and lanthanum pyrohafnates

M. V. Krishnaiah, P. Srirama Murti and C. K. Mathews

Thermal diffusivity and thermal conductivity

information is of direct relevance in the quantitative evaluation

of the heat flow and temperature variations in materials

operating under variable temperature gradients. Rare earth

pyrohafnates R2Hf207 (R *= rare earth), which can be also

represented as R2O3.2 HfC>2 are candidate materials for reactor

control applications [1]. Systematic investigations on the

thermal diffusivity and thermal conductivity of these materials

were undertaken employing a laser flash set up. Europium,

gadolinium and lanthanum pyrohafnates were prepared by the

mechanical mixing of the rare earth and hafnium oxides, grinding,

pelletisation, presintering at 1373 K and final sintering at 1873

K. Formation of the single phase pyrohafnates was verified by X-

ray diffraction. The bulk densities of the pyrohafnates were in

the range of 92 to 93% theoretical. The front surface of the

sample pellet for thermal diffusivity measurement was coated with

platinum in order to prevent direct transmission of laser through

the sample and to increase the absorption of laser energy. In

carrying out the laser flash measurements, suitable corrections

for the radiative heat losses from the samples were incorporated

following Cowan's method [2]. The thermal conductivity data

obtained were also corrected to theoretical density employing the

-12-
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Maxwell-Eucken equation. Thermal diffusivity and thermal

conductivity data obtained on europium, gadolinium and lanthanum

pyronafnates from the present work covering the temperature range

of 600 - 1400 K are shown in figs. 1.2.1 and 1.2.2.

References:

1. D. R. Spink and J. H. Schemel, J. Nucl. Mater., 49 (1973) 1.

2. R. D. Cowan, J.Appl. Phys., 34 (1963) 926.

1.2.2 Thermal diffusivity and thermal conductivity studies on
europium and samarium sesquioxides

M. V. Krishnaiah, P. Srirama Murti and C. K. Mathews

Rare earths occupy an important place in nuclear

technology. In additon to being fission products, rare earths

are also of relevance in reactor applications as neutron

absorbers, flux suppressors etc [1] Europium and samarium

sesquioxides are candidate materials for control rod

applications. Thermal diffusivity and thermal conductivity

studies were carried out on europium and samarium sesquioxides

employing the laser flash technique. The rare earth oxide

powders were pelletised in the form of thin discs, presintered at

1373 K for 12 hours, followed by final sintering at 1873 K for 16

hours. The bulk densities of the europium and samarium oxide

specimens were found to be 7.59 and 7.35 g/cc which corresponded

to 95.4 and 95.0% theoretical densities respectively. Thermal

diffusivity of these oxides was measured employing the laser

- 1 5 -
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flash technique and covering the temperature range 600 - 1300 K.

The front side of the specimens was coated with platinum in order

to improve absorption of laser pulse energy and to overcome the

problem of partial transparency of the sample to laser radiation.

Suitable corrections for radiative heat losses from the samples

were incorporated making use of Cowan's method [2], From the

thermal diffusivity data and employing the heat capacity of

europium and samarium oxides from Holley et al.[3], thermal

conductivity values were obtained. Thermal diffusivity and

thermal conductivity data obtained on europium and samarium

oxides from the present work are shown in figs. 1.2.3 and 1.2.4.

References:

1. W. K. Anderson, Nuclear Applications of Yttrium and the
Lanthanons, 'The Rare Earths'./ F. H. Spedding and A. H.
Daane (Eds.). (Robert E. Krieger Publishing Co., Huntington,
New York, 1971) p 522.

2. R. D. Cowan, J. Appl. Phys., 34 (1963) 926

3. C. E. Holley, Jr. E. J. Hubber, Jr., and F. B. Baker,
Progress in the Science and Technology of the Rare Earths,
LeRoy Eyring (Ed.) (Pergamon Press, Oxford, 1968) Vol.3,
p 343.
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1.3 HIGH TWPERATORE CAL0RHOTRY

1.3.1 Thaxmodynamic functions of alkalina aarth monouranates
and zirconates from calorinatric measuramants

R. Babu, Rita Saha, K. Nagarajan and C. K. Mathews

In cont inuat ion with our s tud ies [1/2] of generat ing

thermodynamic d a t a for compounds of i n t e r e s t in n u c l e a r

technology by calorimetric methods, we have measured enthalpy

increments of oC-SXUO^ and CaZrO3> Studies on uranates of Ba and

Ca [3] and z i rconates of Ba and Sr [1] a re already repor ted

elsewhere. o£-SrUC>4 and CaZr(>3 were prepared in our laboratory.

The enthalpy increment measurements covered the temperature

ranges 1065 - 1735 K and 1069 - 1715 K r e spec t i ve ly . The

measured enthalpy values were f i t t e d by the weighted l e a s t

squares method and other thermodynamic parameters such as

Cp, Sfl and -(G$ - H§98>/T were derived.

Fig. 1.3.1 shows Cp-T curves for o6-SrU04 along with

those for the monouranates of Ba and Ca in the temperature range

of 300 - 1800 K. Low temperature values of Westrum e t a l . [4]

and O'Hare et a l . [5] are also presented here.

In f ig. 1.3.2 the Cp-T curves for zirconates of Ba and

Sr are presented along with t h a t of CaZrC>3 in the

temperature range 300 - 1000 K. Here a l so the curves jo in

smoothly with the low temperature values given by King e t a l . [6].

-19-
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In both the cases it is seen that Ca compounds have the

highest slope and Ba compounds the lowest. One of the reasons may

be the degree of anharmonicity of the vibrations present in

Sr and Ba compounds.

References:

1. K. Nagarajan, Rita Sana, R. Babu and C. K. Mathews,
Thermochim. Acta, 90 (1985) 297.

2. Rita Sana, R. Babu, K. Nagarajan and C. K. Mathews,
Thermochim. Acta, 120 (1987) 29.

3. Rita Sana, R. Babu, K. Nagarajan and C. K. Mathews,
Thermochim. Acta, (1988) In Press.

4. E. F. Westrum, Jr, H. A. Zainel and D. Jakes,
Thermodynamics of Nuclear Materials, IAEA-SM-236/54, 1979,
P 143,

5. P. A. G. O'Hare, H.E. Flotow and H.R. Hoekstra, J.Chem.
Thermodyn., 12 (1980) 1003

6. E. G. King and W. W. Weller (U.S. Bur. Mines. Rep. Inves.
5579, 1960 ) p 3.

1.3.2 Tharmodynamic propartios of compounds of alkaline earth
elements with other fission products

Rita Sana, R. Babu, K. Nagarajan and C.K. Mathews

Alkaline earth fission products barium and strontium

can combine with other major fission product elements such as Mo,

Ce and Zr in a mixed oxide fuel pin of a fast breeder reactor to

form compounds such as molybdates, cerates and zirconates. In

order to understand the condition of their formation in the fuel

pin, basic thermodynamic data on these compounds, applicable to

-22-
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the relevant temperature range, are required. We have already

reported the results of our studies on zirconates. In this work,

enthalpy increments of BaMoO^, BaCeO3 and (Ba,Sr)ZrC>3 were

determined relative to room temperature, using a high temperature

differential calorimeter [1]. These were measured by the

'sandwich' method [2] i.e. the sample is measured between two

measurements on a standard (d- AI2O3). The values were fitted

by the weighted least squares method. The experimentally measured

enthalpy data covered the temperature range of 985-1750 K. From

these enthalpy values other thermodynamic functions such as heat

capacities, entropies and free energy functions were generated

using Cp298 and Sggs values of the compounds available in

literature.

Fig. 1.3.3 shows Cp-T curves in the temperature

range of 300 to 1800 K for (Ba,Sr)Zr(>3, BaCe(>3 and BaMOO4

compounds. Low temperature heat capac i ty data for these

compounds are not available in literature.

References:

1. K. Nagarajan, Rita Sana, R. Babu and C. K. Mat hews,
Thermochim. Acta, 90 (1985) 297.

2. Rita Sana, R. Babu, K. Nagarajan and C. K. Mat hews,
Thertnochim. Acta, 120 (1987) 29.
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1.4 HIGH vammaaasat MASS SFECTRCMCTRY

1.4.1 Determination of the dissociation constant of diatomic
tellurium molecule

M. Sai Baba, R. Viswanathan, D. Darwin Albert Raj,
R. Balasubramanian, B. Saha and C. K. Mathews

Dissociation constant of Te2(9) cannot be obtained

accurately from the analysis of equilibrium vapour over pure

tellurium as the abundance of Te(g) is negligible at moderate

temperatures. But its relative abundance is significant at a

higher temperature, over a condensed phase having reduced

tellurium activity. Partial pressures of Te2(g) and Te(g),

directly measured by Knudsen effusion mass spectrometry, were

used to determine the dissociation constant. Measurements were

carried out over three different two-phase mixtures, M(s) +

MTex(s) where M = Fe, Cr, or Nl.

The equilibrium constant for the dissociation reaction

Te2 (g) - 2 Te(g)

t Kp = (p(Te))
2/ p(Te2) ]

was determined as a function of temperature using the partial

pressures measured over all the three systems. Log Kp Vs 1/T

plots are shown in fig. 1.4.1. The consistency among the three

sets of values is satisfactory. For example the Kp values at 1000

K are 1.8 * 10"3 Pa,1.4 * 10"3 Pa and 1.4 * 10"3 Pa over Fe-

FeTen.sir Ni-NiTeo.63 and Cr-CrTei.15 phase fields, respectively.
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The dissociation enthalpies of Te2(g), measured during

this work, are consistent and also agree with those determined by

photoionisation and spectroscopic methods (Table 1.4.1)

Table 1.4.1

Comparison of dissociation enthalpies of Te2 [Te2<g) * 2 Te(g)]

measured over different condensed phases by different techniques.

Condensed Technique
phase

Fe-Te

Ni-Te

Cr-Te

Pb-Te

In-Te

Te

Te

Te

K-Cell mass spectrometry

-do-

-do-

-do-

-do-

Photoionisation

Knudsen-torsion effusion

Spectroscopy

^Ha / 298
(kJ.mol"1)

257+_13

257+16

258+.12

231±8

237+8

263+1

259+5

264+2

Reference

Measured in our
laboratory.

-do-

-do-

Porter [1]

Colin and
Drowart [2]

Berkowitz and
Chupka [3]

Budininkas
et al. [4]

Verges et al.[5]

References:

1. R. F. Porter, J. Chem. Phys., 34 (1961) 583

2. R. Collin and J. Drowart, Technical report WADD TR-60-782.
part XXX (Air Force Materials Lab, Dayton, Ohio, 1966)
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4. P. Budininkas, R. K. Edwards and P. G. Wahlbeck,
J. Chem. Phys., 48 (1968) 2870

5. J. Verges, C. Effantin, 0. Babaky, J. d'Incan, S. J. Prosser
and R. F. Barrow, Phys. Scr., 25 (1982) 338

1.4.2 Characterisation of non-stoichionatric iron tallurida

R, Viswanathan, M. Sal Baba, D. Darwin Albert Raj,
R. Balasubramanian, B. Saha and C. K. Mathews

The Knudsen effusion mass spectrometric technique was

used to characterise the non-stoichiometric £-phase in the Fe-Te

system by monitoring the partial pressure of the major vapour

species as a function of composition. A sample of the laboratory

made alloy of Fe-Te with 54 at% Te was heated in a Knudsen cell.

The equilibrium vapour consists mainly of Te2(g)(~99.9%). The

intensity of Te$ was then followed as a function of

temperature and time.

The temperature was slowly increased to take the sample

to the two phase field, p + 0 (see phase diagram fig. 1.4.2),

after crossing the intermediate region j*> + $ . The sample was

then kept at 868 K. Due to Te loss by effusion, the composition

progressively shifted to the left. The ion intensity remained

constant till the sample reached the boundary with the single

phase f> and thereafter, the intensity continued to decrease.

Finally, the intensity once again steadied over the two phase

region, o(.-Fe+ /3 , after traversing through the /? phase. The trace

of Te$ intensity as a function of time is shown in fig. 1.4.3.

The weight change was recorded. The partial pressures could thus

•28-



A i o m pur cent T«

Fig. 1.4.2 The Fe-Te phase diagram

-29-



500 1000 1500 2000 2500

Time (minutes)

Fig. 1.4.3 Trace of Te 2
+ intensity as a function of Time.



Atom per cent Te
46 47 48

AfG°m(FeTey,S)
-32

0782 0-66 0-90 0-94
y in FeTey ( p

Fig» 1.4.4 Compositional dependence of Gibbs free energies
within the p^ phase of Fe-Te system.

-31 -



be determined as a function of composition. Phase boundary

compositions corresponding to the breaks in the ion intensity

trace were obtained.

The non-stoichiometric region in (5 -phase at 868 K

ranges from 44.6 +. 0.4 to 48.4 ± 0.3 at% Te. Thus it can be

represented as FeTeo.88-t-O.O7* Tne partial molar free energies of

tellurium as a function of composition were determined from the

measured partial pressures of Te2(g) / whereas those of Fe were

derived from the Gibbs-Duhem relationship. Results are plotted in

fig. 1.4.4.

1.4.3 Vaporisation thermodynamics of the nickel-rich phases
in the Ni-Te binary system

R. Viswanathan, M. Sal Baba, D. Darwin Albert Raj,
R. Balasubramanian, B. Sana and C. K. Mathews

The vaporisation of the metal-rich nickel tellurides

( J8 , jB , and fa ; see fig. 1.4.5 for phase diagram) was studied

by Knudsen effusion mass spectrometry. The vapour phase was found

to consist of Te2(g) and Te (g). Partial pressure-temperature

relationships over Ni + JB̂  phase field were determined to be

log [p(Te2)/Pa] = (-12563+223) K/T + (10.945+0.236) and

log [p(Te)/Pa] = (-13350 +425) K/T + (11.109 +0.450)

in the temperature range 893-993 K. Enthalpy and Gibbs energy of

formation of the r 2 phase, at the nickel-rich boundary

<NiTen.634>' at 2 9 8 K w e r e derived as -33.3 ± 5.1 and -35.0
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kj mol"1 respectively. The temperature of phase t ransi t ion from

Ni + E> to Ni+ R ' was confirmed to be 1009 +10 K . P-T
' 2. » 1 —

/

equations over Ni + 5 phase field (1020-1055K) were deduced as

log [p{Te2)/Pa] « (-10883+461) K/T + (9.305 ±0.444) and

log [p(Te)/PaJ « (-11189+510) K/T + (8.949 ±0.492) .

Those over Ni + £, phase field (1090-1190 K) were

log [p(Te2)/Pa] - (-11187+344) K/T + (9.649+0.301) and

log [p(Te)/Pa] « (-11930 ±400) K/T + (9.671 +0.349).

At the n i c k e l - r i c h boundary (NiTeg.587)/ enthalpy and Gibbs

energy of formation for the p. phase were determined to be

-27.7 ±4.1 and -30.1 kJ mol"1 a t 1038 K and those for the

^ phase as -30.5 +3.2 and -30.7 kJ mol""1 a t 1140 K.

1.4.4 Gibbs energy of formation of N«Crp2

T. Gnanasekaran, R. Viswanathan, M. Sai Baba, D.Darwin
Albert Raj/ R. Balasubramanian and C. K. Mathews

Sodium chromite, NaCrO2(s), i s the corrosion product

that i s generally observed under normal operating conditions in

sodium-steel c i ru i t s of fast breeder reactors . I t s Gibbs energy

of format ion was determined by Knudsen e f f u s i o n mass

spectrometry.

The pressure of Na(g) over the three-phase mixture of

NaCrO2(s), Cr2O3(s) and Cr(s) was measured as a function of

temperature in the range 825-1025 K. The P-T r e l a t i o n s h i p i s

given by log [p(Na)/Pa] - (-12052+160) K/T + (11.085+0.171)
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The vaporisation proceeds according to the reaction

(1/3) Cr(s) + NaCrO2(s> - (2/3) Cr2O3(s) + Na(g) (1)

Gibbs energy change for t h i s r eac t ion as a function of

temperature was obtained from the measured pressures [^•r
Gmt ™

-RTln [p(Na)]. The reaction enthalpy at 298.15 K was derived by

the second-law method [-4^$(298.15 K) - -225.0+5.7 kJ.mol"1 ]

Gibbs energy of formation of NaCrO2 was derived from

the Gibbs energy changes for reaction (1) and using the reported

data on Gibbs energies of formation of Cr2(>3[l] and Na(g)[2].

The recommended data is given below.

A fG{f[[(NaCrO2(s),T)/J.mol-:L] = -870773 + 193.171 T/K

References :

1. 0. M. Sreedharan, Ph.D.Thesis, Bombay University (1976)

2. JANAF Thermochemical Tables, D. R. Stull and H. Prophet

(Eds.) (National Bureau of Standards, Washington, 1968)
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1.5 THERMAL EXPANSION MEASUREMENTS

1.5.1 Thermal expansion studies by high temperature x-ray
ponder diffractometry

K. V. G. Kutty, S. Rajagopalan and R. Asuvatharaman

a. Uranium Honocarbide:

Thermal expansion of UC has been measured as a

function of temperature from room temperature to 1723 K by high

tempreature x-ray powder diffractometry. The phase composition

of the starting material [85% UC, 5 - 10% U2C3 and 5% UO2 or 90%

UC and 5 - 10% UC2] was analysed by the quantitative powder

diffractometric technique [1]. The dissolved oxygen content in

UC was found to be less than detectable by the lattice parameter

method. The powder sample was heated in the high temperature

chamber of the diffractometer in a stream of purified argon at

low pressures. The change in lattice parameter with temperature

was calculated. The results obtained are compared in fig. 1.5.1

with the high temperature x-ray data of Politis [2] and the

dilatometric results of Mendez-Penalosa et al.[3].

b. Aluminium - transition metal quasicrystalline phases

The high temeprature x-ray diffraction behaviour of

some fast frozen Al-transition metal systems (AlQ.82Mn0.18 anc^

A1().8O Fe0.20) was studied [4] with a view to understand the

existence or otherwise of any anisotropy in the coefficient of

linear thermal expansion. Different crystallographic plane

spacings were found to expand to different extents with

temperature as shown in fig. 1.5.2. It was thus observed that
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this property exhibits a strong directional behaviour and hence

excludes the existence of cubic symmetry in these quasi crystals.

This work was done in collaboration with the Materials Science

Laboratory and the Metallurgy Programme.
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1 . 6 GGNTOTKriON OT CHBIXCAL EQUILIBRIA.

1.6.1 rr«a «Mrgi«s of formation and relative stabilities of
barium ^

Rita Saha, R. Babu, K. Nagarajan and C. K. Mathews

Free energies of formation of BaMo(>4, BaCe(>3 and

(Ba,Sr)ZrO3 and the equilibrium barium partial pressures for the

formation reactions have been computed in the temperature range

of 500 to 2000 K and in the oxygen potential range of -376.56 kJ

mol"1 to -502.08 kJ mol"1. Using the free energy functions of

BaMoC>4(s), BaCeO3(s), (Ba, Sr) Zr(>3 (s), BaZrO3(s) and SrZrC>3(s)

obtained from our calorimetric studies [1,2] and the free energy

functions of BaO(s), SrO(s), MoC^fs), CeO2<s) and ZrC>2(s) from

literature [3,4] the change in the free energy functions

-A[(G§) - HgggJ/T] were calculated for the following reactions:

BaO(s) + MoO3(s) = BaMo04(s) (1)

BaO(s) + CeO2(s) = BaCeO3(s) (2)

(1/2) BaO(s) + (1/2) SrO(s) + ZrO2 (s) = (Ba, Sr) ZrO3 (s) (3)

Then substituting A r
H§98 values from literature [5-7] the

Ar 6? values have been calculated. Table 1.6.1 shows these values

at 1000 K along with the one for the formation of BaZrO3 from

the oxides.
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Table 1.6.1

Free energies of reaction at 1000 K

NO

1

2

3

4

Reaction

BaO(s) + ZrO2(s)

BaO(s) + Mo03(s)

BaO(s) + CeO2(s)

- BaZrO3(s)

- BaMo04(s)

• BaCeO3(s)

(l/2)BaO(s) + (l/2)SrO(s) + ZrO2(s)

= (Ba,Sr)ZrO3(s)

A G § kJ mol'1

-91.58

-245.45

-49.31

-93.35

Equilibrium barium pressures were calculated for the

format ion of barium compounds accord ing t o t h e fo l lowing

reactions:

Ba(g) + Zr(s) + (3/2) O2(g) - BaZrO3<s) (4)

Ba(g) + ZrO2(s) + (1/2) O2(g) « BaZrO3(s) (5)

Ba(g) + Mo(s) + 2O2(g) = BaMoO4(s) (6)

Ba(g) + Mo03(s) + (1/2) O2(s) = BaMoO^s) (7)

Ba(g) + Mo02(s) + O2(g) - BaMo04(s) (8)

Ba(g) + Ce(s) + (3/2) O2(g) - BaCeO3(s) (9)

Ba(g) + CeO2(s) + (1/2) 02(g) = BaCeO3(s) (10)

(l/2)Ba(g) + (l/2)SrO(s) + ZrO2(s) + (l/4)O2(g) - (Ba,Sr) ZrO3 (s)

(11)

It was found that the equilibrium barium pressures are

lower when the reaction equilibria involve the metal phase. For

equilibria involving the oxide phases of zirconium, molybdenum

and cerium, the partial pressures of barium is the lowest in the
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case where a mixed zirconate is formed. Fig. 1.6.1 shows the

variation of Ba pressures as a function of temperature at an

oxygen potential of -502.08 kJ/mol for reactions 5, 8, 10 and 11.

It would appear that the formation of any of the

compounds mentioned is thermodynamically possible and could be

determined by the physical proximity of the reactants (to one

another) and the chemical state of Zr, Mo and Ce.
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1.6.2 Effect of fission product tellurium on the fuel clad
compatibility -an assessment based on measured

B. Saha, R. Viswanathan, M. Sai Baba and C. K. Mathews

The fission product tellurium may react with the

components of the s tainless cladding to form te l lu r ides
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according to the reaction

[M]ss + x<Te} » <MTex> (M • Fe, Cr and Ni )

The tellurium potential needed for the reaction is given by

A G T S - RT In aTe - RT {(1/2) In [p(Te2)/p°(Te2)] - U/x) In aM]

These were determined as a function of temperature covering

adequately the range expected in the fuel-clad interface. Partial

pressures measured by Knudsen cell mass spectrometry over the two

phase mixtures, M(s) + MTex(s), [p(Te2)] and those over elemental

tellurium [pO(Te2) wer© used. Activities of Fe, Cr and Ni were

obtained from the recent direct ( e.m.f.) measurements on AISI -

316 SS by Azad et al.[l]. Values of AG T e as a function of

temperature are given in fig. 1.6.2 for all the three systems.

These potentials, derived from our measured data, are higher than

what were thought before and thus the concern for tellurium

induced internal corrosion has lessened.

The conditions under which the tellurium potential can

exceed the threshold value were examined for mixed oxide as well

as mixed carbide or nitride fuel elements. In the fuel-clad

interface, the availability of free Cs is essential to reduce the

tellurium potential. In a mixed oxide fuel-pin with high oxygen

potential, Cs can form ternary oxides such as CS2MO4 (M=U+Pu),

CsxCr(>4 and CS2MOO4 and decreases its availability to tie down

Te. Thus, the activity of Te can be high enough to form

tellurides of Fe, Cr and Ni on reaction with SS. It has been

argued, based on in-pile and out-of-pile observations that the

most probable tellurium potential controlling reaction is

[Cs2TeJineit + <M02+x> + t (27x)/2] (02)
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The tellurium potentials were calculated as a function of

temperature at different 0/M values likely to prevail at the fuel

outer surface. The oxygen potentials were obtained from the model

developed by Krishnaiah and Sriramamurthy [2]. Two different

fuel compositions were used for comparison. Results are given in

fig. 1.6.2. It can be seen that the cladding of AISI-316 SS will

be attacked only when the 0/M ratio is greater than 2.

In the fuel-clad gap of (U,Pu) mixed carbide or nitride

fuel pin, the Cs:Te ratio in the chemically associated form is

possibly higher compared to that in a oxide system. Ternary

oxides are not likely to form to tie down Cs in presence of

traces of oxygen available in carbide or nitride matrix.

Moreover, the axial transport of Cs is expected to be less due to

lower temperature of operation. It is assumed that Cs:Te is

greater than 3:1 in the fuel-clad interface. Tellurium potentials

were obtained based on the Henrian solution model. The A G p e vs T

plot in fig. 1.6.2 shows that the tellurium potential is less than

the threshold value for reaction with Fe, Cr or Ni even at the

conservative estimate of Cs:Te=3:l .
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1.6.3 Calculation of vapour prassura ovar mixad carbida

M.Joseph and C.K.Mathews

Vapour pressures at very high temperatures are needed

for the evaluation of accidental situation in a reactor core.

Since no such data (either experimental or theoretical) are

available for the mixed carbide system, the vapour pressure over

Ul-pPupC were calculated for various compositions(p»0.1 to 0.7)

over a wide range of temperatures ( 1300 - 9000 K ) by

extrapolating the low temperature data and with the assumption

that the behaviour is ideal. For UC, the value obtained by this

extrapolation technique was compared with those obtained by

applying the principle of corresponding states (PCS) which in

turn agreed fairly with the reported experimental data. Hence a

similar approach was adopted for the mixed carbides. Fig. 1.6.3

gives the pressures over UC and FBTR fuel obtained by these two

techniques. However for FBTR fuel agreement between these two

approaches is not satisfactory. Hence it may be necessary to

adopt other theoretical models such as Significant Structure

Theory (SST). A generalised computer programme was written for

this purpose based on the SST model and tested for rare gases and

UO2-
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Fig. 1.6.3 vapour pressure over UC and mixed carbide.
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1.7 ACTIVITY MEASUREMENTS IN AX1OYS

1.7.1 Measurement of carbon potential and thermodynamics of
carbide equilibrium in 18/8 austenitic steels

S. Rajendran Pillai, R. Ranganathan and C. K. Mathews

Measurement of carbon activity in austenitic steels was

undertaken as a sequel to the study to understand carbon

transport in fast reactor systems. In the present method steel

foils were exposed to liquid sodium until carbon transfer

equilibrium was attained. The electrochemical meter, reported

earlier [1], was employed to measure the carbon activity in the

sodium, which on attaining equilibrium became same as that in the

foil. The carbon content in the equilibrated foil was measured

after carrying out the experiment at different temperatures and

carbon concentrations in sodium. Based on the present data, the

most widely employed expression for carbon activity in stainless

steels, reported in literature [2], was modified so as to extend

its lower temperature limit of validity from 1000 K to 860 K.

The new expression relating carbon activity (a^) and composition

in 18/8 steel is given by

lnac = In(0.048 %C) + (0.525 - 300/T) %C -1.845 + 5100/T

- (0.021 - 72.4/T) %(Ni + Mn) + (0.248 - 404/T) %Cr

- (0.0102 - 9.422/T) %Cr2 + 0.033 %Cr (1)

Experiments were carried out to unravel the chemistry

of carbide equilibrium in 18/8 steels. The carbon potential in a

specimen of the steel was measured by the above procedure, and
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the carbide phase which was precipitated during this process was

extracted by an electrolytic technique. The schematic of the

procedure employed is shown in fig. 1.7.1. The composition and

structure of the carbide was established by different

physicochemical methods. The composition was found to be

Fe^rj^Cg whereas the structure was similar to that of Cr23Cg.

In general, the carbide equilibrium in steel is written as

x Fe + (23-x) Cr + 6 C - FexCr23-xCg (2)

This mixed carbide was assumed to be a regular solution

of Cr23Cg and Fe23Cg, and its free emrgies of formation were

calculated at different temperatures and compositions. It was

observed that these free energy values passed through a minimum

corresponding to the value of x of 4 to 6 (fig 1.7.2). This

theoretical prediction of the composition is in agreement with

the findings of other investigators[3,4]. Employing this model,

it was possible to offer a theoretical explanation for the

decrease in carbon potential in the steel on increasing the

temperature [5].

References :

1. S. Rajendran Pillai and C. K. Mathews, J. Nucl. Mater. 137
(1986) 107

2. K. Natesan and T. F. Kassner, Metall. Trans., 4 (1973) 2557

3. R. H. Hiltz, Report MSAR-66-119, Mine Safety Appliance
Research, USA.(1966).

4. A. W. Thorley and P. J. Jeff coat, in: Proceedings of the
Conference on Materials Behaviour and Physical Chemistry
in Liquid Metal Systems, Karlsruhe, March 1981,
Ed. H.U. Borgstedt, (Plenum Publishing Corporation, NewYork,
USA, 1982) p 503.
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5) S. Rajendran Pillai, Ph.D. thesis; "Chemistry of Carbon
in Sodium-Steel Systems"/ Univ. of Madras, 1987.

1.7.2 Measurement of carbon potential in metal carbide
systems

S. Rajendran Pillai, R. Ranganathan and C. K, Mathews

The method of equilibration in liquid sodium, coupled

with the measurement of carbon activity using the electrochemical

carbon meter, was employed to determine the equilibrium carbon

potential of metal carbides. The carbides were equilibrated in

distilled sodium and the attainment of equilibrium was indicated

by a constant EMF value. The results obtained were fitted in a

linear expression by regression analysis and are summarised

in table 1.7.1.

Table 1.7.1

Equilibrium carbon potentials , A G Q , of metal carbides

Carbide AGc(kJ/mol C) Correlation Temp.
coefficient range

(K)

Cr23C6/Cr (-26.865+1.57)-(0.0252+0.0017)T 0.960 885-967

Cr7C3/Cr23C6 (-82.0+4.9)+(0.04369+0.00527)T 0.972 882-965

Cr3C2/Cr7C3 (-185.1+9.18)+(0.1741+0.001)T 0.993 857-975

WC/W (6.695+3.02)-(0.0453 +G.00329)T 0.989 866-977

In the case of Cr23Cg/Cr and WC/W, the present data are

in good agreement with those reported in literature[1,2]. For

the other two carbide systems the temperature dependent slopes
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are in the reverse direction. A similar reverse slope in the

case of Cr3C2/Cr7C3 has been also observed while employing the

CH4/H2 equilibration method in our laboratory [3].

References :

1. A. D. Mah, U.S. Bureau of Mines, RI 7217, 1969

2. R. 6. Coltters and G.R. Bel ton, Metall. Trans. A 14 (1983)
1915

3. S. Anthonyswamy, R.C.P., IGCAR, Private Communications

1.7.3 Carbon potential measurements on MC/fT AND 0x302/0*703
systems

S. Anthonysamy, P. K. Prakasan and P. R. Vasudeva Rao

An experimental program to measure the carbon potential

of FBTR fuel based on methane/hydrogen gas equilibration

technique was initiated in RCL. The experimental system has been

designed and fabricated. In order to standardise the technique as

well as the experimental system, measurements were carried out on

WC/W and Cr3C2/Cr7C3 systems.

Carbide samples were allowed to react with purified

hydrogen at the desired temperatures and methane generated was

monitored at different time intervals using a flame ionisation

detector. Equilibrium was assumed to have been attained when the

amount of methane in the reaction chamber remained unchanged for

atleast lhr. The equilibrations were carried out at temperatures
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between 1073 K and 1223 K and the temperatures were controlled

within +0.5°C using a proportional temperature controller.

The measured carbon potential values are given in

tables 1.7.2 and 1.7.3. The values for WC/W system are in good

agreement with the literature values. The results obtained for

Cr3C2/Cr7C3 system were compared with the results obtained on the

same system from emf measurements in our laboratory [1]. While

the carbon potential values obtained by the two methods agreed

within experimental errors, a considerable difference was

observed in the value of the slope of A G Q vs temperature, though

the two slope values had the same sign.

Table 1.7.2

Carbon potentials,AGQ, for WC/W system

T/K tp(CH4)/(p(H))
2]x 104atm ^Gc/(k J/mol)

1073 7.5 -36.8

1123 6.3 -35.9

1173 3.95 -37.9

1223 3.05 -38.2
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Table 1.7.3

Carbon potentials,AGc, for 0:302/(^703 system

T/K [p(CH4)/(p(H))2]x 103atm AGc/(k J/mol)

1073

1123

1173

1223

Reference :

13.1

11.3

8.75

6.1

-11.3

-8.9

-7.7

-7.7

1. S. Rajendran Pillai, R. Ranganathan, C. K. Mathews
(see section 1.7.2)

1.7.4 Determination of the the thermodynamic activities of
tha components of cadmium alloys using atomic

absorption spactrometry ( AAS )

A. Thiruvengadasami, R. Geetha, T. R. Mahalingam and
C. K. Mathews

As the absorbance measured in is propotional to atom

concentration or vapour pressure, AAS could be used to determine

the activities of the components of alloys. To carry out these

studies, a compact resistance furnace was fabricated which fits

into the optical path of the spectrometer. The temperature of the

furnace was controlled by a temperature controller correct to

•+2°C. The constant temperature zone obtained was 4 cm. Freshly

cut pure cadmium metal pieces were taken in a cylindrical quartz

cell (lcm path length), sealed in vacuum and heated in the above

furnace. The absorption measurements were made at 228.8 nm
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between 380 K and 420 K at 10° intervels. At each temperature

sufficient time was given to attain equilibrium. As Cd is vary

easily oxidised, utmost care was required in the degassing and

sealing operations. A series of measurements were made. The

absorbance at different temperatures were plotted against the

corresponding vapour pressures of Cd available in litrature. The

calibration curve (fig.1.7.3) had a reasonably good correlation

coefficient of 0.9847. This calibration will be of use to study

the equilibrium vapour pressure of cadmium over Cd-Mg alloys.
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1.8 PROCESS CHEMISTRY

1.8.1 Effect of uranium on third phas* formation in
Pu(JV)- HNO3- TBP/DODECANE ayatom

T. G. Srinivasan, R. Dhamodaran, P. R. Vasudeva Rao and
C. K. Mathews

Third phase formation is an important phenomenon which

limits the loading of plutonium that could be achieved in TBP

extraction. A detailed study of this phenomenon was undertaken in

view of its relevance to fast reactor fuel reprocessing. The

results obtained on third phase formation in Pu(IV)-HN03-TBP

system have been reported earlier [1]. As the presence of uranium

in the organic phase would modify the properties of TBP phase, a

study of the effect of uranium on third phase formation in

plutonium extraction was undertaken.

Data on Limiting Organic Concentration (LOC) were

obtained as a function of equilibrium aqueous acidity and uranium

loading in TBP. The data are given in fig. 1.8.1. The

actual values of the equilibrium aqueous acidity and uranium

concentration were determined in each experiment and these values

were within about 10-15 % of the nominal values quoted in the

figure. The actual range of values is mentioned in the figure.

To take into account the variation in the LOC values at zero

uranium loading due to the difference in aqueous acidity, the

"zero" LOC values are represented as a band in the figure, and

the variation of the LOC with uranium loading in TBP is indicated

by a curve starting from the middle of this band.
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It can be seen from the fig. 1.8.1 that the LOC

decreases with uranium loading in TBP at all the acidities

studied. The drop in LOC values is more pronounced at higher

acidities. Our results are in contrast to the results reported by

Kolarik et al [2] who observe, generally, an increase in LOC with

uranium loadings. Our data, however cover a wider range of

acidity and uranium loading, and the conclusions are based on a

large number of experimental points.

The data generated would be useful in finalising the

flowsheet for FBTR fuel reprocessing.

References:

1. Radiochemistry Programme bienniel progress report (1984-85).

2. T. Nakashima and Z. Kolarik, Solvent Extraction and
Ion Exchange 1 (1983) 497 .

1.8.2 Third phase formation in diluent-modified
Pu(XV)-HHQ3-TBP systems

T. G. Srinivasan, M. K. Ahmed, R. Dhamodaran,
P. R. Vasudeva Rao and C. K. Mathews

The significance of third phase formation is discussed

elsewhere in the report. In this work, the effect of modification

of the diluent ( by addition of polar compounds) on the limiting

organic concentration (LOC) for third phase formation in Pu(IV)~

HNO3- 30 * T B P system was investigated.
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The family of curves In fig. 1.8.2 depict the effect

of various alcohols at diffent values of equilibrium aqueous

acidity. The data indicate that the presence of the alcohol leads

to higher values of LOC. The length of the carbon chain in the

alcohol also appears to be an important factor.

The curves in fig. 1.8.3 depict the effect of

benzene, toluene and xylene. The effect of addition of these

aromatic modifiers also has a favourable influence.

It is seen from the data that the modification of the

diluent by addition of about 2.5 % of the compounds studied

considerably increases the LOC. There seems to be no clear

dependance of the effect on the dielectric constant of the

modifier.

1.8.3 Photochemical destruction of oxalate in simulated
reconversion supernatant

T. G. Srinivasan, S. K. Wayak, R. Dhamodaran and
P. R. Vasudeva Rao

Large volumes of supernatant solution get generated in

the process of reconversion of plutonium nitrate to PuO2 through

the oxalate precipitation route. For the efficient recovery of

plutonium in this supernatant and to reduce the corrosive nature

of the waste solution, the oxalate has to be destroyed. The

methods employed usually for this are the addition of KM1O4 or
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concentration of the solution to high terminal acidity at high

temperature. The disadvantages of these processes are obvious. In

contrast, the photochemical destruction of oxalate Ion employing

excited uranyl Ion is a simple process which generates "harmless"

byproducts (CO2 and CO) and enables easy recovery of plutonium.

The kinetics of destruction of oxalate ions in

simulated supernatant solution, as a function of acidity and

uranium concentration, was studied in the present work.

Irradiation of the solutions was carried out using a 125 W medium

pressure mercury vapour lamp. The initial concentration of

oxalate was 0.1 M, and the experiments were carried out at a

temperature of 308 to 313 K.

The destruction was found to be exponential (first

order) in nature. The "half time "for the destruction could be

evaluated for different uranium concentrations and acidities. The

data are presented in fig. 1.8.4. The data clearly show that the

half time increases with increasing nitric acid concentration and

decreases with increasing uranium concentration. The effect of

nitric acid could probably be due to the absorption of light

below about 350 nm. The increase in uranium concentration above

about 5 mg/ml is seen to be ineffective especially at low

acidity. At uranium concentration more than 10 mg/ml at low

acidity, a precipitate was found to be formed which was

characterised to be UO2C2O4.3H2O.
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The experiment was also conducted with simulated

supernatant containing 50 mg/1 of plutonium. The rate of

destruction was found to be unaffected by the presence of

plutonium at this level.

1.8.4 Reductive dissolution of PuOg in HtK>3-Hr-N2H4 medium

A. M.Shakila, T. G. Srinivasan, K. N. Sabharwal and
P. R. Vasudeva Rao

It is known that small concentrations of HF aid the

complete dissolution of PuO2 in nitric acid [1]. However, due to

the complexing of Pu(lV) by fluoride ions, the effect ive

concentration of HF goes down as dissolution progresses, and

hence the rate of dissolution is also affected. I t can be

reasonably expected that the addition of small concentration of a

reducing agent such as N2H4 would aid the dissolution through the

reduction of Pu(IV) in the aqueous solution to Pu(III).

The dissolution of PUO2 in 4M HNO3 was studied in the

presence and absence of N2H4 at 363 K. It was found that the

effect of N2H4 alone on the rate of dissolution was negligible.

However, in the presence of a small concentration of HF,

hydrazine was found to aid the complete dissolution of Pu(>2 in a

short period (about 3 hrs). The results of studies on the effect

of HF and N2H4 concentrations on the rate of dissolution of PuO2

are given in tables 1.8.1 to 1.8.3. As can be seen from the

tab le s , about 0.2-0.3 M N2H4 i s able to aid complete

dissolution.( At the level of HF concentration studied, the
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Table 1.8.1. Dissolution of PuO2 in 4 M HNO3 at 373 K.
[HF] - 0.06 M ; [N2H4J - 0.3 M.

Time Amount of plutonium dissolved ( % )
(min)

HNO3 HNO3+N2H4 HNO3+HF HNO3+HF+N2H4

15 0.74 0.84 55.50 68.00
30 0.95 1.31 62.91 83.92
45 1.06 1.50 65.47 87.25
60 1.14 1.55 71.21 88.90
75 — — 72.82 89.38
90 1.46 1.71 65.16 91.05

120 1.62 2.04 75.03
180 2.02 2.58

Table 1.8.2. Effect of Concentration of Hydrazine on Dissolution
of PUO2 in 4 M HNO3 + 0,02 M HF at 373 K.

Time (min) Amount of Pu(>2 dissolved ( % )

15
30
45
60
90
150

0.15 M N2H4

14.54
30.94
41.36
53.83
64.61
—

0.23 M N2H4

35.19
66.06
76.08
87.50
87.03
99.97

0.3 M N2H4

37.80
53.32
66.17
75.86
85.55
94.10

0.45 M N2H

31.84
55.29
73.55
85.53
90.73
—

Table 1.8.3. Effect of Concentration of HF on Dissolution of PuOo
in 4 M HNO3 +0.3 M N2H4 at 373 K.

Time Amount of plutonium dissolved ( % )
(min) — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — —

0.0 M HF 0.0012 M HF 0.01 M HF 0.02 M HF 0.06 M HF

15 0.84 1.01 7.68 37.80 68.00
30 1.31 1.44 12.33 53.33 83.92
45 1.50 1.63 19.67 66.17 87.25
60 1.55 1.80 25.57 75.82 88.90
75 — — — 84.33 89.38
90 1.71 2.23 36.30 85.55 91.05

120 2.04 — 41.40
150 2.26 2.77 54.55 94.10
180 2.58 3.20 63.20
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dissolution is not complete in the absence of N2H4 in the given

period of time.). The build-up of hydrazoic acid/ a hazard in the

use of N2H4, is not likely to be significant in the range of

N2H4 concentration employed.

Reference:

1. 0. K. Tallent and J. C. Mailen, Nucl. Technol., 32 (1977)
167.

1.8.5 Oxidativa destruction of organic compound* formed during
the dissolution of uranium carbide in nitric acid

V. Chandramouli and R. B. Yadav

Direct dissolution of uranium carbide and uranium-

plutonium mixed carbide in nitric acid produces oxalic acid and

mellitic acid and many other unidentified organic compounds [1]

which seriously interfere with the subsequent solvent extraction

steps of the Purex process. These organic compounds can be

destroyed by reaction with oxidising chemicals. A systematic

study of the oxidative destruction of the organic compounds

formed during the dissolution of uranium carbide in nitric acid,

was carried out.

The total initial carbon content of uranium carbide was

determined using the combustion-titrimetric method [2]. For the

nitric acid destruction of the organic compounds, uranium

carbide was dissolved in IOC ml of 13M HNO3 and the resulting
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reddish brown solution was refluxed for 24 hrs. The acidity of

the solution after the dissolution was determined by titration

against sodium carbonate after complexing uranium with sulphate

[3]. Refluxing the dissolver solution with concentrated nitric

acid for 24 hrs itself was sufficient to destroy the carbanaceous

byproducts formed, to an extent of 82-83%. The reddish brown

solution obtained during the dissolution step turned to clear

yellow after refluxing. This clear yellow solution did not

contain oxalic acid as inferred from cerimetric titration

performed on the solution at 80-90°C.

For studies on the destruction of the organic compounds

using sodium dichromate, the dissolver solution was refluxed for

4 hours. Then solid sodium dichromate was added, so that the

concentration of Na2Cr2(>7 was approx. 0.05M. The solution was

then refluxed for 2 hrs. After refluxing, this solution was

analysed for its carbon content. The results are tabulated in

table 1.8.4. It is evident from the table that sodium dichromate

effectively destroys the soluble organic compounds formed during

dissolution. Only 2.3% of the initial carbon finlly remains

which may not interfere in the solvent extraction steps.

References:

1. L. M. Ferris and M. J. Bradley, J. Am. Chem.Soc. 87 (1965) 8.

2. V. Chandramouli, R. B. Yadav and P. R. Vasudeva Rao,
Talenta 34 (1987) 807.

3. M. K. Ahmed, 0. S. Suryanarayana, K. N. Sabharwal and
N. L. Srinivasan, Anal. Chem., 57 (1985) 2358.
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Table 1.8.4

Residual carbon and acidity in the dissolver solution

Wt of UC Vol. and Acidity Percentage Percentage
(pellets) molarity after carbon re- of carbon
taken(gm) of HNO3 dissolution maining aft- remaining

for dis- er 4 hrs.of after dich-
solution refluxing romate

addition &
refluxing
for further
two hours

8

8

7

.0

.2

.8

6M(100

10M(100

12M(100

ml)

ml)

ml)

4

8

10

.6

.8

.4

M

M

M

42%

35%

32%

3.

2.

2.

5%

0%

5%

1.8.6 Photochemical destruction of organic compounds formed
during disolution of uranium carbide in nitric acid

S. K. Nayak, T. G. Srinivasan, P. R. Vasudeva Rao and
C. K. Mat hews

The dissolution of carbide fuels in nitric acid leads

to the formation of a number of organic compounds which cause

serious interference in the subsequent steps of reprocessing

[1,2]. In the present work a systematic study was undertaken to

establish the optimum conditions for the photochemical destuction

of these compounds by excited uranyl ion which is known to

oxidise many of the organic compounds.

The uranium carbide was dissolved in 10 M HNO3 over 24

hours at room temperature,. Uranium in the solution was removed by

TBP extraction and the solution was evaporated to a minimum
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volume using a vaccum evaporator . The above solution was diluted

to 65 mL to simulate the dissolver solution. The solution was

irradiated in a glass or quartz immersion type reactor in which a

125 W medium pressure mercury vapour lamp was housed. A synthetic

solution containing oxalic acid and mellitic acid was also

subjected to the irradiation experiments.

The results of measurements of absorbance of the

solution at 400 nm as a function of time of irradiation are given

in fig. 1.8.5. The optimum concentration of U(VI) appears to be

10-45 mg/mL. The results of determination of the carbon content

of the solution showed that it took about 12 hours to destroy

almost all of the carbon present in the solution. A similar

conclusion was arrived at by studies on the extraction of Pu(IV)

from a 3 M HNO3 solution containing the organic compounds, into

30 % TBP in dodecane. Experiments with the synthetic solution

showed that oxalic and mellitic acids were destroyed in about 6

hours. The results of studies on stripping of Pu(IV) extracted

into TBP from the carbide solution, showed a marked decrease in

Plutonium retention in the TBP phase only after 12 hours of

irradiation.

The results can be summarised in the following way :

(1) The absorbance of the solution reached a minimum value

after about 6 hours. However, 14-18 % of carbon

remained in the solution, even at this point. This is

contrary to the previous observations [3].

-73-



(2) The results of carbon analysis and distribution

coefficient measurements suggest that 12 hours of

irradiation is needed to destroy almost 97 % of the

original carbon.

(5) A comparison of results of experiments on carbide

and synthetic solution indicated that not only oxalic

and mellitic acids but also some other unknown organic

species are responsible for complexing of plutonium in

the extraction step, and retention of Pu(IV) in TBP in

the stripping step.

References:

1. J. R. Flanary, J. H. Goode, M. J. Bradley, J. W. Ullmann,
L. H. Ferris and G. C. Wall, USAEC report ORNL - 3660 (1964).

2. L. M. Ferris and M. J. Bradley, J. Am. Chem. S o c ,
87 (1965) 1710.

3. M. Bokelund, M. Caceci and W. Muller, Radiochim. Acta 33
(1983) 115.

1.8.7 Photochemical reduction of Pu(IV) by 2-th«noyl
trifluroacetone

S. K. Nayak, P. R. Vasudeva Rao and C. K. Mathews

The selective extraction of tetravalent actinides by 2-

thenoyl trifluoroacetone (HTTA) has been made use of in the

separation, purification and analytical estimation [1] as well

as in the studies on coiuplex formation equilibria of the actinide

ions .
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It was reported that Pu(IV) is reduced to Pu(III) when

it is brought in contact with many organic reagents. Therefore

various holding oxidants have been used to maintain plutonium in

the tetravalent state during HTTA extraction studies [2].The

present studies were carried out to determine the extent o£

reduction of Pu(IV) by HTTA in aqueous as well as organic phase.

The studies involved irradiation of the HTTA extract of Pu(IV),

irradiation of the organic and aqueous phases during the mixing

step, and, in some experiments, irradiation of a perchloric acid

solution of Pu(IV) containing small concentration of HTTA

dissolved in it. The irradiation experiments were carried out

using a high pressure mercury lamp at 2000 Lux.

No dark reduction of Pu(IV) was observed in aqueous or

organic phase in presence of HTTA. Also the irradiation of

Pu(IV) in organic phase showed no significant reduction.

In Muring equilibration' irradiation experiments, it

was found that significant amount of Pu(IV) gets reduced to

Pu(III) . The rate of reduction depended on the acidity of the

aqueous phase. This indicated that aqueous phase only is

responsible for the reduction of Pu(IV) by HTTA and its rate was

controlled by the rate of transfer of HTTA from organic phase to

aqueous phase . The effect of benzene in aqueous phase was also

studied and it was found that its presence in aqueous phase does

not lower the rate to any significant extent. As a final step
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aqueous solutions (2M HCIO4 ) with varying amounts of HTTA alone

were irradiated. In these experiments the reduction was much

faster than in previous experiments. The results are shown in

fig. 1.8.6. Experiments were also carried out to check the

reduction and complexation of Pu(IV) by photo-degradation

products of HTTA but the results were negative.

Our results indicate that the tautomerism of HTTA plays

a role. It is known that essentially all of the HTTA in aqueous

phase exists in keto-hydrate form and more than 95% exists enol

form in benzene phase. It has been reported that while the

conversion of enol to keto form in aqueous phase is rapid, the

transfer of enol form from the organic phase to aqueous phase is

slow. It can therefore be concluded that it is the keto hydrate

form of HTTA which is present in aqueous phase that reduces

Pu(IV) to Pu(III).

References:

1. J. G. Cunninghame and G. L. Milles , J. Appl. Chem.,
7 (1957) 72.

2. R. Raghavan and V. V. Ramkrishna, J. Inorg. Nucl. Chem.,
35 (1975) 7339.
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1.8.8 nnpirioal aquations for tba attiaatlon of plutonium (IV)
and nitric acid distribution ratio* in plutonium (IV)-
nitric acid-tri-n-butyl phosphat«-n-dod«can« system

D. S. Surya Narayana and M. K. Ahmed

Data on the distribution ratios of plutonium and nitric

acid (DPu and DH respectively) for Pu(IV)-HN03-30% TBP(in n-

dodecane) system for 5-50 g/lit plutonium loadings and for

equilibrium aqueous acidities in the range 2.8 - 5.5M HNO3 were

generated and normalised by fitting the experimental values into

empirical equations. The data were best fitted into the following

equations:

log [DPu] = a . exp(b . PA) (1)

log [DH] = c + d . PA + e . PA2 (2)

where PA is the aqueous plutonium concentration in g/lit and the

coefficients a,b,c,d and e are functions of aqueous acidity (HA)

(expressed in moles/lit), which are given by the following

equations:

a = 0.8842 . HAO-2957 (3)

b = -0.04086 . exp(0.1294 . HA) (4)

c = -0.6230 . HA0.0683 (5)

d = 0.1086 . HA"1-246 (6)

e = 0.0005412 . exp(0.2838 . HA) (7)

Using these equations, the distribution ratios of plutonium and

nitric acid were calculated from the aqueous phase plutonium and

nitric acid concentrations for our data as well as for the
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reported data [1]. Assuming a normal distribution of the

relative errors in calculating the OPu and DH values, a

statistical comparision of our data with the reported data was

made. The F-test shows that, while there was no significant

difference in the plutonium distribution ratios generated in our

laboratory and those reported earlier, the nitric acid

distribution ratios were significantly away from the reported

values. The data revealed that not only the nitric acid was

extracted along with plutonium into the organic phase, but also

its amount was directly related to the concentration of plutonium

present in it.

Considering that higher nitric acid solvated species of

TBP were not formed in the organic phase [other than HNO3.TBPJ,

when the aqueous acidity is less than 6M HNO3 and that plutonium

was coordinated to two molecules of TBP, it can be concluded that

the increase in the orgnic phase acidity with plutoniim loadings

might be due to the presence of either (i) higher nitrato species

like HnPu(NO3)4+n.2TBP or (ii) a nitric acid solvated species

like Pu(NO3>4.2TBP.nHNO3 in the organic phase, where n is

dependent upon the aqueous phase nitric acid and plutonium .

concentrations.

In general, the nitric acid distribution ratios

reported in reference 1 ( a compilation ) show a decrease in the

presence of Pu. This is in contrast to the trend observed In the

present study as well as that reported by Lloyd and Fellows [2].

The discrepancy could be attributed to the fact that the
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procedures used by the authors quoted In reference 1 might not

have yielded correct free acidities in the organic phase.

References:

1. G. Petrich and Z. Kolarik, Kernforchungszentrum Karlsruhe
Report, KFK-3080 (1981).

2. M. H. Lloyd and R. L. Fellows, USAEC Report, ORNL-TM-9565
(1984).

1.8.9 Commissioning of preparation laboratory

3. Anthonysamy, P. K. Prakasan, K. Ananthasivan,
I. Kaliappan and P. R. Vasudeva Rao

The erection and commissioning of an inert atmosphere

glove box train for the preparation and handling of air sensitive

nuclear fuel materials has entered the final phase. The overall

layout of the laboratory and the facilities in the glove boxes

are given in fig. 1.8.7.

Piping work for the recirculation systems inclduing

supply and exhaust systems has been completed. A secondary

containment for radiation safety enclosing the glove box train

has been designed and fabricated.

The efficiency of the outlet HEPA filter assembly in

three glove boxes was checked and found to be satisfactory.
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An electronic balance is housed in glove box no. 2.

Glove box no. 3 has been modified for housing the planetary ball

mill and attachments were made to the ball mill to enable remote

operations. The ball mill has been installed in the glove box.

The fabrication of the double acting powder compaction

press has been completed and glove box no. 4 has been modified to

accommodate the press inside the glove box. The press is being

installed in the glove box.

A molybdenum furnace for high temperature preparation

work was fabricated and the furnace has been welded to the inert

atmosphere glove box no. 5.

Glove box no. 6 has been commissioned with a different

recirculation system incorporating a Dawson compressor, to carry

out special experiments involving the use of radioactive/air-

sensitive nuclear materials.

1.8.10 Studios on pyrochemical reprocessing

T. Subramanian, B. Prabhakara Reddy, K. Nagarajan and
C. K. Mathews

Pyrochemical processing methods are of interest in fuel

reprocessing. They can handle short-cooled fuels, require only

compact plants, and produce relatively small quantities of waste.

Recently pyrochemical processes are receiving renewed

attention [1]. Some work had been initiated in this direction
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in our laboratory. The setting up of an inert atmosphere glove

box facility was completed. An inconel attachment was fabricated

to serve as the furnace well at the bottom of the box.

Experiments on the extraction of uranium between molten chloride

salt and Zn-Mg, Cd-Mg alloys were conducted. A

spectrophotometric method to analyse uranium directly in alloy

and salt samples were standardised.

On the investigation of suitable pyrochemical

reprocessing technique for carbide fuels, direct electrolysis of

the carbide in the fused salt medium was examined. Preliminary

experiments were conducted in the existing inert atmosphere glove

box at about 550°C by anodising UC pellets loaded in a graphite

crucible, immersed in a molten chloride salt mixture. Uranium

could be obtained as a deposit on the steel cathode rods. A lab

scale facility is being proposed to carry out R & D work on these

pyrochemical techniques.

Reference:

1. L. Burris, R. K. Steunenberg and W. E. Miller in :
Proceedings of the symposium on Electrochemical Engineering
applications, AIChE., Symposium series no. 254 vol 83,
(AIChE, USA) 1987, p 135.
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1.9 POST-IRRADIATION STUDIES

1.9.1 Bob-C*lls

M. P. Antony, Arun Kumar, Sitaram Dash, M. Kamruddin,
S. Subramanian, R. Manivannan, G. Ravishankar,
K. C. Srinivas, V. Santha moorthy and C. K. Mathews

1. Concrete colls

Out of the five hot cells, the air environment cells at

either end are ready for operation. In one of them some

experiments on gamma radiolysis have been carried out using 60Co

pencil as the source.

Work on commissioning the inert environment cells (ceil

no. 2, 3 and 4) is nearing completion. The alpha containment

boxes were made leak tight after interfacing these with rest of

the cell system. Some difficulties were experienced in sealing

the radiation shielded viewing glass panel on the box. This was

overcome by modifying the mounting frame and carefully welding it

on to the box. A leak rate 0.05 V% per hour could be achieved.

The compressors for the argon recirculatioin system

were re-commissioned. The chilled water supply was extended to

the heat exchangers. The argon purification towers were provided

with heaters and insulation.

The recirccLotion system was operated on a trial basis.

Some of the diaphragm valves were replaced by ball valves to
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enhance the flow rate to about 40 CFM. Required pressures in th«

boxes were maintained by regulating the flow through the solenoid

valves actuated by the photohelic pressure sensors.

All the six viewing windows (three dry glass type and

three oil filled type) were installed. Six pairs of master

slave manipulators were positioned after necessary overhauling.

The La-calhene doors were fixed on cell 1 and 5 at

their external transfer ports. These will be operated

pneumatically. Inter cell transfer ports to transfer materials

between the cells have been provided with rail and wheel

assemblies for easy operation.

2. Load Calls

The piping work for the argon recirculation system was

completed and has been leak checked. All the three alpha

containment boxes were individually tested for leaks and the

required leak rate of 0.05 v% per hour: was achieved. Work on

instrumentation for the control system is in progress. The

protective glass mounting frame for the alpha containment boxes

were fabricated and welded onto the boxes.

Two lead pillars each weighing 3 T were erected on both

sides of the middle cell. This will support the two 10T sliding

doors. The sliding doors are required for the removal of the

alpha containment boxes. Each door moves on a rail and is
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operated by motors. These doors have been designed and fabri-

cated in-house. The plug for the source storage pit located in

the middle cell was provided with a sliding mechanism operable by

the articulated manipulator.

1.9.2 IN-CELL EQUIPMENT

1.9.2.1 Radial micro gamma scanner - development of an
algorithm

M. Kamruddin, J. B. Doshi* and B.Saha

A micro gamma scanner is being developed to obtain the

profiles of gamma emitting fission products across the fuel pin

cross section. The positional resolution in gamma scanning is

primarily determined by the size of the collimating slit. In the

case of fuel pins of FBTR, one has to scan over a cross section

whose diameter is less than 5mm. Square slit of size 0.05mm2 or

equivalent circular one is required for satisfactory direct

measurement. In order to achieve adequate shielding, the

collimator slit has to be made out of a hard and high density

material such as tungsten. Apart from the difficulty in

fabrication, the sensivity is poor as the number of photons

reaching the detector are limited.

The above shortcomings have been overcome by the

fabrication of a collimator with a rectangular slit whose width

determines the resolution and whose length is greater than the

diameter of the fuel pin. An algorithm has been developed to
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generate the radial and azimuthal distribution of fission product

activities across the fuel pin cross section from the activities

measured through the rectangular slit. The scanning involves

measurements at different X,Y, and 0 positions of the fuel

specimens mounted on a suitable micropositioner.

Two computer programs have been developed. The "SCAN"

program calculates the two dimensional distribution of specific

activity in the fuel pin cross section using the gamma scan data

obtained from the collimator slit traversing along the radius of

the fuel pin. The program "GENSCAN" is a test program to test

the accuracy of "SCAN" and it essentially inverts the procedure

used in "SCAN". It generates a collimator data for a two

dimensional scan for an assumed distribution of fission products.

* Safety Analysis Division

1.9.3 Comparison of thermal desorption profiles of implanted
helium from metallic glasses and polycrystalline
materials

Sitaram Dash, D. V. Natarajan* and B. Saha

The prototype retained gas analyser built in the

laboratory was used to study the thermal desorption of implanted

helium from metallic glass and polycrystallline materials.

Samples were irradiated in an accelerator with 100 KeV He+ ions

at different doses. Implanted specimens were heated in vacuum by

RF induction. Desorbed He was monitored by a quadrupole mass

analyser. The amount of gas desorbed is proportional to the area
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Fig. 1.9.1' Thermal desorption spectrum of the implanted
metallic glass Fe4ONi4oP14Bg.
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Fig. 1.9.3 Thermal desoption spectrum of polycrystalline
nickel.
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under the ion current Vs time plot. Calibration was done by a

controlled bleeding of the reference gas through a leak valve.

For a typical metallic glass sample (Fe^Ni^P^Bg), the trapped

quantities determined are summarised in table 1.9.1.

Outgassing profiles were recorded. Thermal desorption

spectra of the implanted metallic glass (Fig. 1.9.1) is compared

with those of the devitrified glass (Fig. 1.9.2.) and

polycrystalline nickel (Fig. 1.9.3). It is evident that the

nature of He trapping, as inferred from these profiles, is

similar in devitrified metallic glass and polycrystalline nickel,

where two types of traps are well separated in energy. In the

case of metallic glass He is retained in closely lying traps.

Table 1.9.1

Retained helium in ion implanted metallic glass samples

Sample Implantation dose Retained

o quantity
no. (He+ ions/cmz) (Helium atoms)

1 5.0 x 1016 2.13 x lOH

2 5.0 x 1017 2.07 x 10*2

3 6.0 x 1017 1.43 x 10*2

4 1.0 x lO1^ 1.44 x 10*1

* Materials Science Laboratory
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1.9.4 OUT-OF-PILE STUDIES

Out-of-pile simulation facility

M. P. Antony and J. Daniel

In experimental facility for the out-of-pile simulation

of the thermal conditions of the reactor fuel under irradiation,a

stack of fuel is heated by direct electric heating while the

surface is cooled by flowing helium. The helium compressor,

needed for maintaining the flow in a closed loop, was replaced by

one with a higher capacity to enable studies at higher linear

power rating.

The present specimen chamber needed modification for

firmer electrical contact between the tungsten electrodes and

the fuel stack. This was carried out.

For heating oxide fuel pellets in the present set up,

pre-heating has to be done using a high voltage power supply

(2500 V, 4 A) before the heating can be taken over by the high

current supply. In order to avoid problems associated with the

use of high voltage, it is planned to pre-heat the oxide pellets

by housing the stack in a resistance-heated furnace.

Accordingly, a chamber has been designed.

An additional glove box has been coupled with the one

housing the heating chamber. This has also been provided with an
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Fig. 1.9.4 A typical cermograph of UC
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inert environment to enable sample preparation and its

examination. Ceramographic techniques have been standardised.

Several UC pellets, made in the laboratory, were investigated

using this technique. Fig. 1.9.4 shows a typical ceramograph of

UC showing grains in the range 9-15 microns.

1.9.5 Nuclear chemistry

1.9.5.1 Development of a nuclear microprobe

C. Ramesh, K. 6. M. Nair*, N. S. Thampi*, B. Sana
and C. K. Mathews

A nuclear microprobe is under construction as part of

the augmentation of facility for elemental analysis. This will

make use of charged particle beams from the tandem accelerator at

the Particle Irradiation Facility. In the microprobe, the

charged particles will be further focussed down to a few micron

size with the help of magnetic quadrupoles and will impinge on

the target. The nuclear reaction products or the back scattered

particles or the particle induced x-rays will be monitored for

trace element analysis of the target materials. The beam can be

scanned over the target surface to obtain the elemental

distribution with a resolution of a few microns.

The object slit, the magnetic quadrupoles, the target

chamber and the detectors with a suitable data handling system

are the main components of the microprobe. Most of these are

be^ng developed indigenously.
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The object slit has been designed to be adjustable in

vacuum in the range 20 - 500/<m with anti scattering jaws. The

magnetic quadupole quadruplet lens is shown schematically in fig.

1.9,5. Its details have been worked out and a trial piece is

under fabrication. The target chamber has been designed

incorporating various detectors/ a micropositioning stage for the

target, viewing microscopes and a sample transfer system. Some of

the items have been procured. In order to exploit the inherent

micron level positional resolution, the entire microprobe has to

be mounted on a vibration-free platform. This has been designed

in consultation with IIT, Madras.

* Materials Science Laboratory

1.9.5.2 Analysis of radioactive impurities in sodium

C. R. Venkata Subramani, N. P. Seshadreesan,
K. Swaminathan and N. P. Bhat

In continuation of the work reported earlier, methods

have been standardised for the analysis of 239pU/137cs,54Mn and

llOm^g in primary sodium. Plutonium was estimated using an alpha

gas proportional counter after its separation from the matrix by

vacuum distillation and subsequent extraction in TOPO/Xylene from

the rest of the residues. The minimum detection limit using this

technique is around lpCi of Pu/gm sodium for 10 gm samples.

The procedure standardised for the analysis of Cs

involves dissolution of the sodium sample and separation of Cs
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using carrier techniques and final precipitation as the chloro-

stannate and gamma counting using a Nal(Tl) detector. The minimum

detection limit using this technique is 1 nCi/gm sodium.

The method for Mn and Ag involves removal of the matrix

using vacuum distillation, dissolution of the residue in 1:1

n i t r i c acid and separation of the elements using carr ier

techniques and subsequent gamma counting. The minimum detection

limits are around 1 nCi/ gm sodium.

A series of experiments have been carried out for

standardising the estimation of Co in reactor sodium. They

indicate a non quantitative recovery during the hydroxide

precipitation step after the distillation of the matrix, probably

due to the formation of an insoluble species during the

disti l lat ion step. Percent recovery of the radionuclides is

given in table 1.9.2.

Table 1.9.2

Results of standard addition experiments

Nuclide

137C s

5 4 ^

llOlllftg

60Co

Chemical Yield (%)

68.39
60.31

57.88
71.28

73.33
69.90

97.06
90.11

R.Chem Yield (%)

67.64
60.19

58.01
69.25

70.30
66.81

83.02
56.44

Recovery (%)

98.9
99.8

100.23
97.15

95.86
95.59

85.53
62.63
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The above procedure was used for the analysis of the

primary sodium of the KNK II for plutonium. The samples were

found to contain about 25 pCi of Pu/g of sodium.

1.9.5.3 Absorption of 65Zn onto Copper coupons*

C. R. Venkata Subramani and H. H. Stamm**

The transport of ^5Zn in LMFBR primary loops is a

matter of concern in reactor operation. In this study the

absorption of zinc onto copper coupons in liquid sodium was

investigated. For this purpose experiments were conducted both in

the KNK II sampling chamber and in an experimental test loop -

NATAN - which had been set up in the Institute of Radiochemistry

at Karlsruhe. Copper coupons whose surface had been etched by

dipping in nitric acid were found to absorb only half the amount

of zinc compared to unetched coupons. The etched coupons also

indicated a downstream decrease in the amount of zinc absorbed.

Studies also revealed that the amount of zinc taken up by copper

coupons was much higher than the amount absorbed by nickel

coupons under identical conditions. Surface studies - by XPS and

AES - revealed that the surface layer of the etched coupons

contained Cu(I) oxide or Cu metal depending on the time between

etching and analysis, while the surface of the unetched coupons

contained Cu(II) oxide with some hydroxide probably due to

atmospheric conatamination.The depth of penentration of zinc
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varied from about 500 nm for the etched samples to about 1 um for

the unetched ones. Static studies in a bomb - containing sodium

saturated with zinc - followed by XRD showed the presence of

alpha, beta and gamma forms of brass in addition to pure Cu and

pure Zn. A static test also indicated that brass coupons also

take up zinc - about 80% relative to copper - but there is also

an appreciable loss of weight, probably due to dezincification.

Resampling experiments indicated that the Ni coupons had a

tendency to lose some of the absorbed zinc. These experiments

indicated that copper may be a possible alternative candidate to

nickel for scavenging radionuclides from the primary circuits of

fast reactors.

* Work carried out at Nuclear Research Centre, Karlsruhe, F.R.G.

** Institute for Radio Chemistry, Nuclear Research Centre,
Karlsruhe, F.R.G.

1.9.5.4 Development of a neutron well coincidence counter

C. Ramesh, R. Parthasarathy, M. B. Pujar and
C. R. Venkata Subramani

A neutron well coincidence counter has been fabricated.

Coincident fission neutrons from the spontaneously fissioning

isotopes are detected in presence of a random neutron background

arising mainly from (ô ,n) reaction in the sample. From a

knowledge of the effective 240pu content by coincidence

counting, one can determine the total amount of plutonium in a

sample.
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The neutron well counter uses twelve ^He detectors in a

circular array. The coincident neutrons are discriminated against

random background by the coincidence logic. Neutrons are

moderated by high purity paraffin before being detected by the

detectors. Dimensions of the well counter were optimised for

minimum neutron leakage. The counter is also provided with end

plugs at top and bottom.

Absolute efficiency of the counter has been measured to

be 11%. This will be operational shortly in coincidence mode.

1.9.6 Burn-up measurements

1.9.6.1 Rapid determination of fuel burn-up by HPLC
- a possible approach

M. Joseph, D. Karunasagar, B. Saha and C. K. Mathews

High performance liquid chromatography (HPLC),

developed in our laboratory for rapid separation of lighter rare

earths (Ce, Pr, Nd and Sm ), was reported earlier. The technique

was refined to enable quantitative estimation. A cation exchange

procedure was developed by dynamically modifying a reverse column

to act as the cation exchanger by the use of 1-octane sulphonate

in the mobile phase. Improved detection techniques were needed

for better sensitivity. These were developed through post column

reaction with suitable complexing agents to enable better UV

detection. Sensitivity down to ~20 ng of individual elements in

the injected volume could be achieved. Highly resolved and
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Fig. 1.9.6 Chromatogram showing the separation of lighter rare
earths by HPLC.
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Fig. 1.9.7 Linear calibration curves relating peak area to
sample volume
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reproducible chromatograms, needed for analytical work, could be

obtained. A typical chromatogram is shown in fig. 1.9.6.

Linearity of response was checked as evidenced from the set of

calibration plots given in fig. 1.9.7. Relative response

factors (RRF) as a function of injected amount were obtained from

the plots. For every pair, the ratio remained nearly constant

over the range 0.1 to

Fission product Nd is a satisfactory burn-up monitor.

Its concentration in the irradiated fuel solution can be rapidly

estimated by HPLC if pre-separation of rare earths is carried out

prior to injectioin on HPLC column. But there will be

uncertainty in the chemical recovery during the pre-separation

stage. This can be avoided by making use of another rare earth

element Sm as the internal standard, which is very similar in

properties and whose elemental fission yield is less than one

third of Nd. The procedure would involve addition of a known

amount of Sm to the irradiated fuel solution followed by group

separation of rare earths and measurement of Sm to Nd peak area

ratio in the chromatogram. Thus, the concentration of Nd can be

calculated from the difference in ratio measured with and without

the addition of Sm.

Factors such as a) resolution; b) reproducibility; c)

linearity of response; and d) constancy of relative response

factor needed for the success of above method have been

demonstrated. Thus, it is hoped that burn-up can be determined

much faster by HPLC compared to other destructive techniques.
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2.SODIUM CHEMISTRY

2.1 Radioactive sodium chemistry loop

V. Ganesan, K.C. Srinivas, P. Muralidharan,
V. Santhamoorthy and C.K. Mathews

The transport of radioactive nuclides in the primary

sodium loops has the potential of causing considerable problems

in the maintenance of fast reactors. The main cause of activity

build up in the primary circuits is the release of activated

corrosion produts, fission products and fuel materials into the

coolant. The radionuclides thus released, tend to get deposited

in vital components such as the sodium pump, heat exchanger, cold

trap etc., resulting in very high radiation fields at these

places. This calls for development of suitable radionuclide

traps for selectively retaining these nuclides at suitable

locations. It is also necessary to develop suitable models to

predict the release and transport of these nuclides in the

primary coolant circuits. Towards this end a Radioactive Sodium

Chemistry Loop (RSCL) was designed, fabricated and commissioned.

This loop can also serve as a testing facility for the long term

performance of on-line monitors for impurities such as oxygen,

hydrogen and carbon in liquid sodium. In the design and

construction of this loop, the Nuclear Research Centre,

Karlsruhe, FRG assisted through the supply of some vital

components and through technical discussions. Assistance was

also provided by Engineering Development Division in making the

detailed design drawings.
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SODIUM CHEMISTRY LOOP
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Fig. 2.1.1 Sodium chemistry loop
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The RSCL as shown in fig. 2.1.1 consists of a main loop

and an auxiliary loop. It is filled with 150 kg of filtered

sodium. The main loop is of a 'figure of 8' configuration with a

sodium flow of 600 1/h. Components such as pump, main flow meter

and cooler are situated in the cold leg while the test section is

situated in the hot leg of the main loop. The temperature of

operation of the cold leg is 625 K while that of the hot leg is

925 K. In the test section a sodium velocity of 5 m/s and a

temperature of 925 K (typical of fast reactor systems) can be

achieved. This enables study of the release behaviour of the

activated corrosion products such as Mn-54, Co-60, Fe-59 etc. by

introducing suitable samples in the test section. Chemical

interactions between the fuel and the coolant can also be studied

by introducing defective fuel pins in the above section. The

main loop portion is planar in construction to facilitate gamma

scanning.

The auxiliary loop consists of a cold trap for impurity

control, a plugging meter, on-line meters for oxygen, hydrogen

and carbon and a foil equilibration port for characterising

sodium. In addition to these, an overflow sodium sampler is

incorporated in the main loop by-pass line for periodic sodium

sampling. Thus the auxiliary loop aids in characterising the

sodium during activity transport studies. In the cold trap sec-

tion, the crystalliser and economiser were kept separated to

facilitate incorporation of a radionuclide trap for Cs-137 and

Cs-134. Facility to drain sodium selectively from the foil

equilibration section enables the conversion of this section to
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a Segregated Iodine Sodium Sampler (SISS) for determining the

1-131 content in sodium. Sodium flow rate through the individual

auxiliary sections can be measured by electromagnetic flow

meters.

Expansion of sodium in any part of the loop is accommo-

dated in the expansion tank situated at the highest elevation of

the loop. In addition to the dump tank, a storage tank is also

provided to charge the dump tank with fresh sodium when required.

To facilitate the purification of the sodium in the dump tank, a

separate sodium line has been provided. The individual components

were subjected to pneumatic test before put in position. The

weld joints both in the components and in the piping were

subjected to dye penetrant test and x-radiography to check the

quality of welding. The entire loop after fabrication was

subjected to both pneumatic test and helium test. The necessary

sodium cover gas system was designed and fabricated to manipulate

argon gas pressure over sodium at various locations of the loop.

The control and surveillance of the loop is performed

by a personal computer in interactive communication with two

microprocessor modules. The instrumentation system has been a

collaborative effort between RCP and EIL. The microprocessor

module controls the temperature of the trace heaters using an

on/off control routine implemented in the software whereby the

processor scans the thermocouple outputs in the loop and applies

the values derived from specially identified thermocouples to
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switch the corresponding heaters on/off. The microprocessor

module also scans the leak and level detectors and logs the emf

signals from the on-line meters.

A number of safety systems have been incorporated to

ensure the safe operation of the loop. A large number of wire

type leak detectors have been installed at various locations of

the loop to detect small sodium leaks. In additon to this, fire

and smoke detectors have been installed above the loop area to

detect large sodium fires. Emergency air cleaners and

electrostatic precipitators have been employed to trap aerosols

that are released into atmosphere during large sodium fires. In

the event of any persistant sodium leak signal, the computer

ensures dumping of sodium in the loop into the dump tank and safe

shutdown of the loop.

2.2 Electrochemical hydrogen maters for reactor sodium
circuits

T. Gnanasekaran, R. Sridharan, K.H. Mahendran,
G. Periaswami and C.K. Mathews

The module for incorporation of the electrochemical

hydrogen monitors in the secondary sodium circuit of the FBTR

was fabricated and welded in position. Four electrochemical

meters were fabricated following the procedure that has been

already reported [1] . They were tested for their long term

performance and were also calibrated in bench top sodium loops.

The meter temperature vras chosen as 723K which would be
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appropriate for operation in the reactor circuit. The meters were

calibrated in the cold trap temperature range of 388K to 523K.

Meter outputs were found to be in good agreement with

theoretically derived EMF data.
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2.3 Phase stability in Na-Cr-O-C system

T. Gnanasekaran, K.H. Mahendran and C.K. Mathews

A phase stability diagram of the quarternary Na-Cr-O-C

system was computed using the AG%l^<Na£r02> data obtained from

the Knudsen cell mass spectrometeric measurements and literature

data on chromium carbides. The phase stability diagram indicated

that higher carbon potentials in liquid sodium would lead to the

formation of chromium carbides. The equilibrium oxygen

potentials in sodium when NaCrO2<s) and chromium carbides are

present would be higher than when Cr(s) and NaCrO2<s) exist.

This could be used to explain the higher oxygen potentials that

were measured in sodium while operating the following EMF cell

[2-4]:

In, In2C>3 :: YDT :: [O]jja

Cr(s), NaCrO2(s) and Na(l) in nickel crucible was the sample.
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The participation of the chromium carbides in establishing

chemical equilibrium in the above cell was experimentally

established. This was carried out by electroplating chromium

over SS plates, equilibrating them with sodium under conditions

identical to those present during EMF measurements and subjecting

them to XRD analysis after removal of adherent sodium layer.

Cr3C2(s) was found to be formed on SS plates. Source of carbon

was the carbon impurity present in sodium as well as in nickel

container. These results showed that higher threshold oxygen

concentrations would be needed for NaCrO2(s) formation in

operating sodium loops, in accordance with observations reported

in literature [5-8] ..
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2.4 Studies on Na-Fe-0 system

R. Sridharan, T. Gnanasekaran and C.K. Mathews

Iron being the major alloying element in structural

steels used in fast breeder reactor sodium circuits, a detailed

study on Na-Fe-0 system is essential to understand the mass

transfer phenomena that occur in the sodium loops. Thermodynamic

data available in literature on this system are scarce and incon-

sistent. Estimation of Gibbs energy of formation of Na4FeC>3(s),

the ternary compound reported to be stable in sodium/ was made

from its heat of formation data available in literature [1,2],

These values indicated considerable uncertainity about the stabi-

lity of Na4FeO3 in sodium.

Detailed experiments were, therefore, carried out,

involving in-sodium equilibration of iron oxides in the

temperature range of 623 to 923 K followed by analysis of the

products by XRD after removal of excess sodium. Isopiestic

equilibration of various iron oxides with sodium vapour [880 Pa]

at 923 K and the subsequent XRD analysis of products showed the

presence of Na4FeC>3(s) and Fe(s). A new differential thermal

analysis set up was constructed for use with sodium samples.

With a completely welded nickel capsule containing sodium and

iron oxides serving as sample and pure sodium in an identical

capsule serving as reference, DTA run was performed. These

results indicated the presence of an invariant temperature at

760^6 K. Further experiments to assign this temperature to

equilibria in Na-Fe-0 system are in progress.
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2.5 Studios on Na-Mo-0 system

T. Gnanasekaran, K.H. Mahendran, G. Periaswami and
C.K. Mathews

With a view to measuring the invariant temperature in

the ternary phase fields of the Na-Mo-0 system, where Na2O(s),

Na(l), Mo(s) and Na4Mo05(s) coexist, equilibrium oxygen poten-

tials were measured in sodium to which Na2MoC>4 (s) was added,

using the following EMF cell, in the temperature range of 623 to

773 K.

In, In2O3 | YDT I [O]Na

The measurements were repeated with Na4M005(s) as the

added sample. The invariant temperature was identified as 681.1

K. The Gibbs energy of formation of Na4MoO5 (s) obtained from the

EMF data is given below :

= - 1907223 + 436.130 T (+5.3 kJ) 681 - 773 K

Using these results and the data reported earlier [1], the

equilibrium phase diagram of Na-Mo-0 system in the temperature

range of 673 K to 923 K was constructed and is shown in

fig. 2.5.1. A phase stability diagram in Na-Mo-O-C system was

• 1 1 2 -



NO.2MO2O7

Na2 Mo3O10

M003

Mo O2

Na-Mo.O SYSTEM AT T > 681.1 K

Na2Mo04-

NaO2_

Nq4MoO5-

N Q 2 M O 2 0 ^

Na2Mc30w

MOO3

-MqjO,,

-MoO2

-Na2Mo3Og

N a - M o . O SYSTEM AT T < 6 8 1 1 K

Fig. 2.5.1 Phase diagram of Na-Mo-0 system

-113



also constructed to explain the influence of dissolved carbon

over the ternary Na-Mo-0 system [2].

[ The EMF measurements were carried out in the laboratory of
Dr.H.U. Borgstedt in KfK, Karlsruhe. ]
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2.6. Studies on development of sodium-sulphur batteries

S. Rajan Babu, T. Gnanasekaran, R. Sridharan,
K.H. Mahendran, G. Periaswami and C.K. Mathews

1. Studies on sodium electrode:

Development of the sodium electrode forms part of the

responsibilities of Radiochemistry Programme in the inter labora-

tory effort to develop sodium-sulfur batteries in the country.

Under this programme following investigations have been carried

out in our laboratory. They are :

1) Measurement of the ionic conductivity of B"

produced by NPL, New Delhi.

2) Life-time testing of the electrolyte using sodium/

B"-Al203/sodium cells.

3) Studies on sodium/ B"-Al2O3 interface.
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The ionic conductivity of |3"-Al2O3 tubes produced by

NPL was measured using sodium electrodes and by passing a D.C.

current. The radial ionic conductivity is the true indicator of

the quality of the electrolyte towards its performance under

actual battery usage conditions, unlike the axial conductivity

obtained by AC techniques. The conductivity of the electrolyte

measured by the four terminal technique can be given as

log € 1 = 4.493 - 1509.0/T(K)

The radial conductivity thus obtained was found to be lower than

the data generated by AC techniques. This indicated the

presence of contributions by the interfaces towards the total

resistance in the cell.

The total resistance of sodium/electrolyte/sodium cells

was measured as a function of time as well as the total charge

passed across the electrolyte. The initial cells constructed

using the as received tubes gave increasing cell resistance with

the passage of current, indicating the build up of a high-

resistance layer. The tubes failed within a total charge of about

50Ah.

2 .Thermocompression seal for Na-S battery

An assembly for making thermocompresion bond between

oC, -alumina and stainless steel using aluminium as the bond
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material was fabricated and put into use. The process parameters

such as sealing temperature, pressure and time of compression

were chosen from the experiments carried out. This seal would be

used in Na-S batteries being developed as a National Project

between IGC (Kalpakkam), NPL (New Delhi) and CECRI (Karaikudi).

2.7 Measurement of oxygen potential in sodium using calcia
stabilized zirconia

G. Periaswami, S. Rajan Babu and C.K. Mathews

Actual measurements on the lower electrolytic domain

boundary (LEDB) of calcia-stabilised zirconia (CSZ) at low tem-

peratures (~500 K onwards) indicated that the LEDB of CSZ is

sufficient for oxygen potential measurement in sodium at such low

temperatures [1]. The use of K, K2O and Na, Na20 as reference

electrodes in cells based on CSZ for measuring oxygen potential

in sodium made it possible to obtain sufficiently low cell

resistances at these temperatures and get stable cell outputs

[2]. These cells were tested for their performance in benchtop

sodium loops. The cell outputs at a constant meter temperature of

503 K and 513 K were measured for varying cold trap temepratures

(TCT) • The plot of these outputs in EMF vs l/T^ space

indicated Nernstian behaviour. The output from cell I

constructed using CSZ from Zircoa, USA and K, K2O reference

electrode and operated at a meter temperature of 503 K could be

given by the equation.

E(V) = -7.967 x 102 + (1.7392 x 102/TCT)
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Despite the near theoretical slope obtained in the above output/

a high asymmetric potential was observed. This was attributed to

the temperature gradients in the sensor and a possible formation

of reaction products at the electrolyte surface. These

asymmetric potentials could be minimised by the use of nickel

shrouds to even out the temperature gradient and by selecting

smaller heights of K, K2O reference electrode in a cell

constructed using CSZ procured from M/s Friedrichsfeld, FRG.

Testing of these cells in sodium loops showed that these cells

when operated at 503 K and 513 K could give theoretical outputs

in the oxygen concentration range of 1 ppm to 25 ppm in sodium.

The sufficiently long life obtained with these cells indicated

that they are suitable for use as oxygen meters in reactor

coolant circuits.

However, analysis of the results of these experiments

indicated that there is a curvature in the output of these cells

in the EMF vs 1/TQI Plots for a given (constant) meter

temperature. Even though the deviations at low oxygen

concentrations could be explained on the basis of increased

electronic conductivity, the deviation at higher concentrations

clearly indicated to the possible non-ideal behaviour of oxygen

in sodium. A plot of oxygen activity versus concentration showed

negative deviation from the ideal Henrian line. This was the

first experimental proof of the non-ideal behaviour of oxygen in

sodium which had been predicted by many workers earlier [3,4].

This was possible because the measurements at a low temperature

(503 K) made it possible to cover the entire oxygen activity
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range. All the earlier oxygen activity measurements In sodium

using yttria - doped thoria electrolyte were done at high

temperatures and over a limited range of oxygen concentrations

(1 ppm to 60 ppm) corresponding only to a small oxygen activity

range. Probably the small deviations in these measurements were

thus missed. Similar deviations has already been observed for

Table 2.7.1

Activity Coefficients for oxygen in sodium

at 513 K for various oxygen concentrations

Atom% 0

0.0002930

0.0003029

0.0003131

0.0004321

0.0006815

0.0007225

0.0011628

0.0013286

0.0015935

0.0019011

0.0026034

0.0028582

0.0035075

0.0044607

0.0085865

a0 x 10
36

0.2170871

0.2486371

0.2721784

0.3117350

0.3261591

0.3908459

0.3908459

0.6143910

0.5612508

0.9230819

1.010481

1.266917

1.903459

2.992146

1.819280

into

- 71.68

- 71.58

- 71.52

- 71.71

- 72.12

- 71.99

- 72.47

- 72.15

- 72.42

- 72.10

- 72.33

- 72.19

- 71.99

- 71.77

- 72.06
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oxygen in potassium [5]. Based on the results of cell II a new

set of activity coefficients (To) for oxygen in sodium was worked

out for a meter temeprature of 513 K. These calculations were

based on a standard state of 1 atmosphere for oxygen and did not

assume the Henrian behaviour of oxygen in sodium. The values

for various oxygen concentrations (atom %) in sodium and measured

oxygen activities are given in table 2.7.1.
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2.8 Solubility of oxygen in liquid potassium

D. Krishnamurthy, N.P. Bhat and C.K. Mathews

The solubility of oxygen in liquid potassium has been

determined in the temperature range of 343 to 675 K. The method

used in the experiments involves the treatment of liquid

potassium with an excess of oxygen so that the K2O-K equilibrium

is established. Samples of potassium are withdrawn through a
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sintered nickel filter at well-defined temperatures and the oxy-

gen content is determined using a distillation method

standardised in this laboratory. An all-nickel apparatus for

equilibration was designed and fabricated by taking into conside-

ration the high vapour pressure of potassium at temperatures

above 473 K. A schematic diagram of the solubility vessel is

shown in fig. 2.8.1. Oxygen solubilities measured over the

temperature range 343 to 675 K are compared with literature data

in fig. 2.8.2. A least square fit of the present data gave the

following equation for solubility of oxygen

420.4
log C (ppm) - 3.9702

T(K)

Oxygen potentials for the K-0 system were calculated

based on the present solubility data. The following equation was

obtained:

A G O 2 (Jmol"1) = -704688 + 122.8T + 38.286 T log Co (ppm)

The threshold oxygen levels for the formation of KCrO2(s) were

calculated by using ^G?,T <KCrO2> values reported by Sreedharan

et al.[l], and by Ganesan and Borgstedt [2]. The equations are

given below in that order:

log C (ppm) = 1.6650 - 2713.3/T(K)

log C (ppm) = -0.1476 - 1023.2/T(K)

The present data of solubility of oxygen in potassium are consi-
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dered more reliable than the literature data because of the

precautions taken to filter out particles of K2O and to avoid

reaction with container materials through the use of an all-

nickel apparatus. Oxygen solubility in potassium is about 500

ppm just above the melting point and therefore cold trapping

cannot purify the metal to a low oxygen content.
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2.9 Reaction of stainless steel with liquid potassium
containing dissolved oxygen

D. Krishnamurthy, N.P. Bhat and C.K. Mathews

During our measurements of the solubility of oxygen in

liquid potassium it was realised that oxygen-saturated potassium

attacks stainless steel at relatively low temperatures (<473 K).

In the present work stainless steel was equilibrated with

oxygen-saturated potassium at different temperatures. The equi-

librium oxygen potential could be used to obtain free energy data

on the ternary compounds of chromium.

The technique consisted of refluxing potassium in a

stainless steel container and measuring equilibrium oxygen
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concentration as well as corrosion products in samples withdrawn

through a frit filter. It was found that the reaction starts

from 473 K and corrosion products become measurable above 673 K.

The phase field of measurement is identified as K-KCrO2-K4CrO4.

The Gibbs energy of formation of K4CrO4(s) has been deduced from

the present data and given in table 2.9.1.

Equilibrium oxygen concentration measured in the

samples and the solubility of oxygen recently measured by us in

an all-nickel system is given in fig. 2.9.1.

Table 2.9.1

Comparison of A G ^ T K4CZO4 value of this work

with literature value

This work using Ganesan & Estimated
Borgstedt value of

Sreedharan Ganesan & Lindemer
Temp. et al. [1] Borgstedt [2] et al. [3]

data for data for
AG?KCrO2 AG§KCrC>2

kJ mol"1 kJmol"1 kJmol"1

423 -1347.8 -1304.4 -1353.7 -1376.0

473 -1327.4 -1286.5 -1338.9 -1352.0

573 -1291.5 -1255.6 -1309.3 -1302.0

673 -1258.0 -1227.1 -1279.8 -1253.0

777 -1213.2 -1187.6 -1249.1 -1201.0

826 -1171.0 -1172.3 -1234.0 -1177.0
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Based on the above observations, stainless steel is not

recommended as a container material for oxygen-loaded potassium

beyond 673 K and even below this temperature it must be used with

care.
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2.10 Low temperature zirconia oxygen gauges based on RuGfe
electrode

G. Periaswami, S. Vana varamban and C.K. Mathews

Oxygen gauges based on zirconia electrolyte and

platinum electrodes have to be operated above 823K for obtaining

satisfactory performance [1]. The high operating temperature

leads to problems such as reduced sensitivity due tn oxygen

permeability and ageing. The high temperature of 823K is

necessitated by the high electrode/electrolyte interfacial impe-

dance below this temperature. It has been shown recently that

the interfacial impedance could be brought down by the use of

UO2~50%, Sc2O3+Pt composite as the electrode material [2].

Gauges based on UO2~based electrodes could function well down to
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623 K. In this work, a new electrode material namely RuO2 was

developed for use in oxygen gauges. RUO2 was selected on the

basis of its non-stolchiometry, high electronic conductivity,

absence of any coexisting solid oxide and good adherence to

zirconia. This electrode could bring down the operating tempera-

ture to 483 K. This is the lowest operating temperature achieved

with zirconia electrolyte so far [3].

Oxygen gauges were constructed using yttria stabilized

zirconia (YSZ) as the electrolyte and RuO2 as the electrode. Air

was used as the reference electrode. The outer sample chamber

was made of a quartz tube. Platinum was used as the lead mate-

rial. The YSZ tube and quartz tube were fixed to the cell-head

using Torr-seal.

The gauge was tested for its performance by using oxy-

gen, nitrogen and standard argon as sample gases. Nernst's law

test in which the meter temperature was varied while making

measurements on the same sample gas showed that these gauges

perform well down to 483 K. Faraday's law tests were conducted

by adding oxygen to the sample gas using an oxygen pump and

noting the change in the output. These tests showed that these

gauges perform well over a wide range of oxygen pressures.

Studies on the effect of flow rate indicated that vaporisation of

RuO2 as RUO4 could give rise to deviations in the output at high

temperatures. The gauges should be operated at low temperatures

to avoid this problem.
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The electrode resistance, RQI, was measured using impe-

dance spectroscopy. RQI was found to have an activation energy of

~90 kJ/mol.

The exchange current, Io, for the RuC>2 electrode was

also measured in separate experiments. Io was found to have a

similar activation energy as for Rei. The activation energy

values correspond to an electrode mechanism in which the charge

transfer step is the rate controlling one. The high values of Io

for RuC>2 also explain the low interfacial impedance and the low

cell resistance (~106 Jfl ) even at low temperatures.

Thus low temperature oxygen gauges could be developed

using R11O2 as electrode. RuO2 also has been identified as the

right electrode material for the air reference side of oxygen

meters for sodium coolant. The availability of this electrode

has also made it possible to measure the basic properties of

electrolytes such as LEDB at low temperatures.
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2.11 Low t«np«ratur« •l«ctroch«mic*l studies using siroonia
solid •l«ctrolyt«

G. Periaswami, S. Vana varamban and C.K. Mathews

It has recently been established in our laboratory that

zirconia solid electrolyte can be successfully employed in oxygen

sensors even at low temperatures [1]. Zirconia-based oxygen

gauges which commonly use Pt as the electrode cannot function

well below 823K because of the high electrode/electrolyte inter-

facial impedance at low temperatures. Use of a new electrode

material with low interfacial impedance, namely RuC>2/ in place of

platinum has made it possible to use zirconia cells even at low

temperatures. Oxygen gauges constructed using zirconia and RuO2

electrode have been found to give theoretical emf output even at

483K. Before using these electrolytes for low temperature

thermodynamic investigations their electrolytic domain boundaries

have to be established at low temperatures. This information is

not available in the literature.

With the availability of a low temperature electrode

material, the maximum emf technique was used in this work for

measuring the Lower Electrolytic Domain Boundary (LEDB) of

CSZ [2]. The emf developed across a mixed conductor having

different oxygen pressures p'02 and p"02 on the two sides is

given by the equation

E = In + In (1)
^/4 ^ 4 l/4 ^ 4
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where p$> and p© are the Schmalzried parameters. Under conditions

where

P© » P'02 > R9 >P#2

The equation (1) reduces to

RT P'o2
E - ~ In (2)

4F p©

The p© for CSZ was measured using the cell

{In}, Mg I CSZ | RuC>2, air (3)

From the output of the cell p© was calculated using equation (2).

The measured p© of CSZ can be given as

log pa/atm = 24.154 - 43937.3/T(K) (4)

437 < T < 1173K

Similarly the free energy of formation of 1^03 was

also measured at low temperatures using solid electrolyte cells

with R.UO2 as electrode material. The cell used can be given as

In, ^ 0 3 I CSZ | RuO2/ air (5)

The A G J <In2(>3> measured using the above cell can

be given as

A G £ <In2(>3> (J/mol) = -915176 + 304.527T + 4000

500 <T<1060K

The result is found to be in good agreement with the literature

data extrapolated to low temperatures.
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3. ANALYTICAL CHDCSTRY

3.1 A method for the determination of tri-n-butyl phosphate
in Verosene type diluents

R. Dhamodaran, T.6. Srinivasan and P.R. Vasudeva Rao

Several methods are available for the determination of

the concentration of TBP in diluents [1,2]. One of these methods

is based on third phase formation by HCIO4 equilibration [1].

When some acids such as HCIO4 are extracted into TBP solutions in

kerosene-type diluents, a heavy organic phase is formed/ the

volume of which is proportional to the TBP concentration in the

initial organic phase. However, HCIO4 is expensive and is known

for its explosion hazards. A method based on equilibration with

H3PO4 was therefore developed in our laboratory.

In this procedure, a known volume of the TBP phase is

equilibrated with an equal volume of 85 % H3PO4, and centrifuged.

The volume of the third phase formed is measured and the TBP

concentration calculated from this value. A calibration curve for

the TBP concentration vs volume of third phase formed is shown in

fig. 3.1.1.

The effect of concentration of H3PO4 and temperature

were investigated. While in equilibration with 28 % H3PO4, third

phase formation could not be observed, in the case of 56 % H3PO4,

the volume of the third phase did not show a linear relation with

% TBP. The temperature at which equilibration is carried out was

not found to affect the accuracy significantly.
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3.2 Determination of carbon in uranium carbide using
catalytic oxidation by manganese dioxide

V. Chandramouli and R.B. Yadav

A number of methods are available for the determination

of carbon in uranium carbide. All these methods involve the

oxidation of the carbide carbon to carbon dioxide at higher

temperatures and measurement of the CO2 evolved. In this work

yet another method for the determination of carbon was studied.

In this method the carbon in the uranium carbide is oxidised to

carbon dioxide by heating the carbide at 653K with MnC>2 in a

stream of oxygen. The CO2 evolved is determined

titrimetrically [1]. Typical results obtained by this method

compared with those obtained by the combustion-titrimetric method

are presented in table 3.2.1.

Although the role of MnO2 *n t n e oxidation of UC is

not well established, it is thought to be catalysing the

oxidation. The x-ray patterns of the sample after the oxidation

step were very similar to those for samples obtained by heating

UO2 and MnO2 at 673 K in oxygen for 2 hrs. There were no solid

solutions of oxides of uranium with oxides of manganese. Further
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Table 3.2.1

Percentage of carbon determined using the catalytic oxidation of

UC with MnO2 at 653K in oxygen compared with the values obtained

by direct combustion at 1173 K

With MnC>2

Mass of carbide(mg)

31.82

36.41

43.95

47.42

52.37

52.96

56.03

64.91

rsd :+1.89%

Carbon,
% m/m

5.87

5.62

5.89

5.71

5.85

5.96

5.93

5.84

Table

Mass of

40

41

42

42

44

45

47

55

rsd :

3.2.2

Direct

carbide

.05

.94

.41

.84

.06

.39

.34

.46

:+l%

Combustion

(mg) Carbon,
% m/m

5.70

5.81

5.79

5.75

5.91

5.84

5.83

5.76

Recovery of carbon from UC in the presence and absence of MnO2 at
583K

UC to MnC-2
mass ratio

1.36

2.49

3.35

3.97

5.22

Recovery %

1.23

1.73

2.73

74.46

74.95

Mass of carbide
without MnO2/mg

94.82

107.55

143.36

Recovery %

74.61

75.32

72.26
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compounds such as UMr>04, u^MnOio and oxides such as 11303, UO2/

Mn£03 and ^304 were also absent. Determinations carried out

with an argon instead of an oxygen atmosphere showed negligible

recovery of carbon.

The recovery of carbon from a mixture of U3O9 and

graphite at 673K in oxygen in the presence or absence of MnC>2 was

insignificant. However, a mixture of uranium carbide and

graphite gave recoveries ranging from 30-70% of free carbon.

An interesting observation was that uranium carbide

does not undergo oxidation in the presence of MnC>2 below 603K

although, in the absence of MnO2, the reaction is known to start

at 553K. This is seen in table 3.2.2, where the recoveries of

carbon from the uranium carbide at 58 3K without MnC>2 and at a UC

to MnC>2 mass ratio greater than 3.5 are the same. This suggests

that the M1O2 inhibits the reaction at lower temperatures.
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3.3 Determination of oxygen to uranium ratio in uranium
oxide*

N.L. Sreenivasan and R.B. Yadav

As part of our work programme to develop wet chemical

titrimetric methods for oxygen to metal ratio determination, a

potentiometric titration method for 0/U ratio determination in

U3O8 and near stoichiometric UO2 has been developed.

In this method powdered accurately weighed samples of

uranium dioxide as well as U3O3 are dissolved in 4.5M H2SO4

containing a few drops of cone. HF. The tetravalent uranium thus

obtained is directly titrated against K2Cr207 solution to a

potentiometric end point. The rate of dissolution of the oxides

is better in 4.5M H2SO4 than at lower concentrations of H2SO4.

Secondly, tetravalent uranium is stabilised with respect to air

oxidation at this acidity. At lower concentrations of the acid,

significant oxidation of U(IV) is observed. The end point of

titration in this medium, however, is sluggish. So, near the end

point one has to wait after each drop of addition of the titrant.

A precision of better than 0.001 O/U unit has been obtained.

Results on the analysis of U3O8 and near-stoichiometric UO2 are

tabulated in tables 3.3.1 and 3.3.2.
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Table 3.3.1

Oxygen to uranium ratio in U3O9

Wt of U3O8 (ing) % U(IV) O/U

(1) 77.68

(2) 82.38

(3) 88.87

(4) 92.49

(5) 102.83

(6) 104.78

(7) 102.18

(8) 134.61

(9) 155.78

(10) 247.00

28.24

28.23

28.20

28.17

28.19

28.20

28.19

28.17

28.20

28.19

2.6670

2.6671

2.6674

2.6678

2.6676

2.6674

2.6676

2.6678

2.6674

2.6676

x = 2.6675
+0.0003

Table 3.3.2

Oxygen to uranium ratio in near-stoichiometric UO2

Wt of UO 2 + X (mg) %U(IV) O/U

(1)

(2)

(3)

(4)

(5)

(6)

(7)

49.43

52.18

53.54

56.34

62.46

65.65

76.12

87.

87.

87.

87.

87.

87.

87.

83

85

88

88

93

83

92

2.

2.

2.

2.

2.

2.

2.

0034

0032

0029

0029

0022

0034

0024
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(8)

(9)

(10)

86.

92.

109.

17

41

02

87

87

87

.92

.82

.94

X
+0

2.0024

2.0035

2.0022

- 2.0029
.0005

3.4 Determination of oxygon to cerium ratio in near-
stoichiometric cerium oxide

N.L. Sreenivasan and R.B. Yadav

A simple titrimetric method was developed for the

determination of oxygen to cerium ratio in cerium oxide. In this

method, an accurately weighed amount of cerium oxide powder was

dissolved in 6M H2SO4 containing a small quantity of conc.HF. The

dissolution was carried out on a water bath at 338K and the

dissolution was complete within 2 - 3 hrs. The solution

resulting after complete dissolution of cerium oxide was treated

with known excess of standard ferrous ammonium sulphate solution.

Excess ferrous ions were titrated against standard solution of

potassium dichromate to a potentiometric end-point. Thus,

tetravalent cerium content of the cerium oxide was estimated and

O/Ce was calculated. A precision of + 0.001 is obtained. The

results on O/Ce ratio are tabulated in table 3.4.1.
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Table 3.4.1

Determination of O/Ce ratio.

Wt. of CeO2-x Wt. percent O/Ce ratio

(in mg) Ce(IV)

47.54 80.39

53.73 80.55

54.45 80.56

64.19 80.51

81.67 80.46

83.88 80.61

85.03 80.67

88.81 80.84

89.90 80.68

96.23 80.47

1

1

1

1

1

1

1

1

1

1

X =

.994

.995

.995

.995

.994

.995

.996

.997

.996

.994

1.995
+0.001

3.5 A cerimetric method for the determination of oxygen to
uranium ratio in uranium oxides

N.L. Sreenivasan and R.B. Yadav

A new procedure has been developed in order to improve

the precision in 0/U ratio determination by cerimetric method. In

this procedure, accurately weighed amounts of the oxide were

dissolved in Ce 4 + solution in 4M H2SO4 at 328K instead of 2M

H2SO4 at 343K. The precision improved from +0.003 O/U units to

+0.0003 O/U units in the case of UO2+X and +0.001 O/U unit to
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+0.0005 O/U unit [1] in the case of U3O8. The improvement in

precision may be due to better stability of Ce(IV) ions in higher

H2SO4 molarity and lower temperature. The results are tabulated

in tables 3.5.1 and 3.5.2.

Table 3.5.1

O/U ratio in UO2+X

Weight of UO2+X
(in mg)

37.32

37.48

37.76

38.45

38.97

46.52

49.87

65.58

71.03

76.38

Wt. percent
U(IV)

87.78

87.81

87.81

87.78

87.76

87.76

87.79

87.77

87.74

87.77

O/U

2.0039

2.0036

2.0036

2.0039

2.0042

2.0042

2.0038

2.0041

2.0044

2.0041

x = 2.0040

+0.0003

Weight of U3O8
(in mg)

Table 3.5.2

Oxygen to uranium ratio in U3O8

Wt. percent U(IV) O/U

74.86

86.68

28.15

28.16

2.6680

2.6679
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88.27

93.85

96.95

103.74

117.79

124.12

158.79

28.18

28.23

28.21

28.26

28.18

28.12

28.17

2.6676

2.6670

2.6673

2.6668

2.6677

2.6684

2.6678

x = 2.6676

+0.0005

References :

1. R.B. Yaciav, M.K. Ahmad, K. Nagarajan, I. Kaliappan and
P.R.V. Rao, in Proceedings of the Nuclear Chemistry and
Radiochemistry Symposium, Varanasi, Nov. 1981, p. 537.

3.6 A wet chemical method for the determination of oxygen
to uranium ratio in uranium oxides

N.L. Sreenivasan and R.B. Yadav

A new wet chemical method for 0/U ratio determination

in UC>2+x and U3O8 was developed. In this method, weighed samples

of UO2+X a nd U3O8 powders were dissolved in known excess of

ammonium metavanadate solution in 0.5N H2SO4 at 328 K. In one set

of experiments excess V(V) was titrated in the presence of

phosphoric acid against K2Cr2O7 solution to a potentiometric end

point. In another set of experiments, vanadium (IV) ions were

directly titrated against standard solution of Ce(IV). In both

the cases, a precision of better than +0.001 O/U unit has been

obtained. Results are tabulated in tables 3.6.1 and 3.6.2.
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Table 3.6.1

Oxygen to uranium ratio in UO2+X

Excess vanadate titration method Cerium{IV) titration method

Wt.of U02+x Wt.Percent O/U
(mg) U(IV)

Wt.of U02+x Wt.percent O/U
(mg) U(IV)

47.

54.

55.

62.

63,

67.

71.

73.

Ill

61

34

41

66

19

78

78

11

.56

87.95

87.85

87.94

87.83

87.96

87.86

88.05

87.83

87.85

2.0021

2.0032

2.0022

2.0034

2.0031

2.0031

2.0010

2.0034

2.0032

48.94

51.18

51.94

53.27

54.70

56.58

63.44

71.05

72.00

87.91 2.0025

87.94 2.0022

87.94 2.0022

88.01 2.0015

87.99 2.0017

87.88 2.0029

88.03 2.0013

87.84 2.0024

87.85 2.0032

x = 2.0026
+0.0008

x = 2.0023
+0.0007

Table 3.6.2

Oxygen to Uranium ratio in U3O8

Excess vanadate
titration method

Cerium(IV) titratiion
method

Wt.of U3O8 Wt.percent
(mg) U(IV)

O/U Wt.of U3O8 Wt.percent O/U
(mg) U(IV)

39.

76.

93.

32

20

16

28.

28.

28.

19

18

14

2.

2.

2.

6676

6676

6681

84

103

112

.57

.64

.35

28

28

28

.38

.37

.40

2.

2.

2.

6654

6655

6652
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44.27

66.92

89.68

69.28

52.87

80.15

111.89

X

28.25

28.19

28.14

28.14

28.19

28.17

28.13

= 2.6677
+0.0001

2.6669

2.6676

2.6681

2.6681

2.6676

2.6677

2.6687

118.79

129.92

129.92

148.04

158.27

163.13

168.34

28.50

28.28

28.28

28.28

28.32

28.22

28.38

x = 2.
+0.0009

2.6640

2.6657

2.6665

2.6665

2.6660

2.6672

2.6654

6657

3.7 Simultaneous determination of alkaline earth metals by
HPLC using post-column reactor

S. Sahasranaman, M. Joseph and D. Karunasagar

The conventional high performance liquid chromatograph

using a post column reactor system for colour development with a

chromogenic reagent was adopted for the simultaneous

determination of alkaline earth metals to sub- ppm levels in

reactor grade sodium. A low capacity cation exchange column

(Ion-200 of Interaction Chemicals, USA) was used to separate the

analyte ions of interest and the eluted ions were detected by

complexing with Arsenazo 20(1) and measuring the absorbance with

UV-visible detector. The detector inturn is coulped to an

integrator and a thermal printer-plotter for recording the

chromatograms.
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Synthetic standards solutions containing a mixture of

magnesium, calcium and strontium in microgram levels were

prepared and the chromatograms were recorded. A calibration graph

was prepared using peak height vs quantity of analyte in the

injected volume (20 JUl).

Reactor grade sodium was sampled in an inert atmosphere

glove box, distilled under high vacuum, and the residue in the

crucible was leached with nitric acid and made up to a known

volume. Suitable aliquot of the sample was injected and the

chromatogram was recorded.

The detection limits for magnesium and calcium were

found to be 25 and 50 ng respectively.

3.8 Liquid chromatographic separation of transition metals
on a dynamically modified reverse phase column

D. Karunasagar , M. Joseph and B. Saha

Transition metal ions (Ni2+,Co2+,Fe2+,Mn2+) have been

separated from their mixtures by HPLC. A silica based reverse

phase column was dynamically modified by 1-octane sulphonate to

act as the cation exchanger. Tartarate complexes were separated.

Post column reaction(PCR) was carried out prior to UV-detection.

Resulting chromatogram is given in fig. 3.8.1. The experimental

conditions employed are given below.
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Pig. 3.8.1 Chromatogram showing the separation of transition
metals
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Column : Silica based Cxs column (15 cm x 4.6 mm)

5 micron particle size

Eluent : 0.023 M Ammonium tartarate with 1O~4 M 1-Octane sulphonate.

Flow rate : 0.5 ml/min.

Detection : PCR with 4-(2-Pyridyl)-azo res-orcinol and subsequent

monitoring at 535 nm

Amount injected : 100 ng each.

3.9 Determination of yttria in yttria doped thoria and
yttria stabilized zirconia

V. Srinivasan, R. Krishna Prabhu and T.R. Mahalingam

Solid electrolyte materials viz, yttria doped thoria

and yttria stabilized zirconia were synthesised in our laboratory

for use in on line oxygen meters for sodium.To characterise these

materials a direct and rapid method based on high voltage

a.c.spark optical emission spectrographic technique has been

developed. Among several diluents experimented with to reduce the

complexity of thoria spectrum, SrF2 in the proportion 2:1 with

thoria was found to provide optimum intensity for the analyte

line besides reducing the background arising due to the strong

thorium lines. Thoria samples were blended with SrF2 in the

ratio 1:2, and a 5mg of charge was glued to the flat tops of a

pair of graphite electrodes and sparked. However, zirconia

samples received in the form of sintered tube were crushed to a

fine powder and a 10 mg charge was glued directly to the

electrodes as its spectrum is not complex. A 15 kV high voltage
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a.c.spark mode of excitation employed provided a less complex

spectrum and good precision.

For calibration, synthetic standards were prepared by

mixing Y2O3 with TI1O2 and ZrO2 respectively and a set of working

standards were obtained between 1% and 20wt% for thoria and 2.5%

to 30 wt% in the case of zirconia. The zirconia standards were

however sintered at 1600°C in order to match its density with

that of the sample received in the form of sintered tube. This

was found to be essential as the intensity of yttrium line

depends on the density of the sample.

From the spectra recorded on the photographic plate,

the only line of Y 317.94nm which is free from interference, well

defined, sharp and measurable in the concentration range of our

interest was chosen as the anlyte line. Weak lines of the matrix

Th 316.17nm and Zr 313.21nm served as internal standards in the

respective analysis. Percentage transmittance data obtained from

the microphotometer were evaluated by a computer program based on

Seidel transformation. The correlation coefficient for the

calibraion curves obtained were better than 0.995. Standard

addition studies gave good recovery (>95%) and the precision of

the method was better than 5%. This method is routinely used for

the characterisation of thoria and zirconia solid electrolytes.

Typical results are shown in table 3.9.1.
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Table 3.9.1

Analytical results of thoria-yttria and zirconia-yttria samples

S.No. Sample Number of Wt% Yttrium Mole% Yttria RSD
replicates (mean) (mean)

1.

2.

3.

4.

5.

ThO2-Y2O3

-dO-

-do-

-do-

ZrO2~Y2O3

8

8

8

8

14

4.7

5.2

5.0

4.8

14.69

6.09

6.69

6.42

6.20

8.10

3.09

2.60

2.20

2.84

3.27

3.10 Determination of hafnium in aluminium-hafnium alloy

V. Srinivasan, R. Krishna Prabhu and T.R. Mahalingam

Aluminium-hafnium alloy samples prepared in the

Materials Science Laboratory for neutron irradiation studies had

to be characterised. Hence a d.c.arc emission spectrographic

method has been developed. The metal sample was first dissolved

in 1:1 dil HC1 in presence of a few drops of dilute nitric acid

over a water-bath and precipitated using ammonium hydroxide. The

precipitate was then dried and ignited to obtain the oxide. The

oxide was then mixed with the buffer SrF2+graphite in equal

proportion and 15mg charge loaded on a 1/4" spectrotech graphite

electrode was arced using a 15 amp d.c. A 62%T filter was used in

order to reduce the continuous background arising due to the

strong incandescence of the electrode tips in high current. Hf
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263.8nm was chosen as analyte line and Zr 273.4nm as internal

standard. Calibration curve was obtained from the synthetic

standards prepared by mixing specpure HfO2 with specpure AI2O3

in appropriate proportion to give a calibration range between

0.1% to 2.5% Hf in Al. Several samples were analysed using the

method developed.

3.11 Determination of rare earth elements in uranium

V. Srinivasan, R. Krishna Prabhu and T.R. Mahalingam

A method has been standardised for the determination of

Ce, Dy, Er, Gd, Ho, La, Sm, Tb, Y, and Yb in the concentration

range between 0.005 and 1 JUg. Individual rare earth oxides were

first ignited at 800 C to remove moisture and their stock

solutions were prepared by dissolving in 3M nitric acid. By

suitably mixing these individual solutions a multielement master

standard solution was prepared. Working standards were obtained

by subsequent dilution of the master standard to give the

concentration range 0.2-200Jhg/ml. The concentration of internal

standard Tm in all standard solution was 20Lig. An aliquot of

25 JU.1 of each standard was loaded on 10 mg of carrier-buffer

mixture (AgCl+LiF+C) in the electrode crater and dried under an

infrared lamp. They were then arced in an argon-oxygen

atmosphere xvith a 13amp d.c. A high resolution grating, 1180

grooves/mm blazed at 650nm was employed and the spectra were

recorded in the second order. Table 3.11.1 lists the analyte

lines and the concentration ranges for individual elements.
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Table 3.11.1

Analytical lines and calibration ranges of rare earth elements

Element Wavelength Internal Std. Concentration range
( nm ) ( microgram )

Dysprosium

Erbium

Gadolinium

Holmium

Lanthanum

Samarium

Terbium

Yttrium

Ytterbium

340.7

326.4

342.2

345.6

333.7

363.4

332.4

324.2

328.9

Tm

Tm

Tm

Tm

Tm

Tm

Tm

Tm

Tm

329.1

329.1

329.1

329.1

329.1

329.1

329.1

329.1

329.1

nm
nm

nm

nm

nm

nm

nm

nm

nm

0.025-1.0

0.05 -2.0

0.01 -1.0

0.05 -1.0

0.025-1.0

0.25 -1.0

0.25 -2.5

0.005-0.5

0.005-0.1

3.12 Determination of cerium and thorium in nuclear waste
management studies

V. Srinivasan, R. Krishna Prabhu and T.R. Mahalingam

Experiments were carried out by the Centralized Waste

Management Facility in order to study the removal efficiency of

transuranic elements in alpha containing waste by yiest

immobilised calcium alginate column. Cerium and thorium

solutions were passed through the column and the effluents were

monitored for cerium and thorium contents as their chemical

properties are similar to that of actinides. The necessary

analytical method has been developed to determine thorium and

cerium present in microgram level in the effluents by d.c.arc

optical emission spectrographic technique.
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In the method described for the determination of rare

earths in uranium i t was observed that the presence of holmium

interfered with the measurement of cerium l ines . Hence a

separate set of standards containing Ce in the concentration

range of 10 /ig/ml to 500 jUg/ml were prepared. 25 Jxl of each

standard was loaded on 10 mg of carr ier -buffer mixture

(AgCl+LiF+C) mixture and arced with 15 Amp d.c. From the spectra

of standards Ce 404.2 nm was chosen as analyte line and Ag 388.5

nm served as internal standard. Calibration curve was drawn

covering a concentration range of 0.25 jbg to 12.5 JUg. Similarly

calibration curve covering a concentration range of 0.25 jdg to

12.5 jag was obtained for thorium using a separate set of thorium

standards, as the complex spectrum of thorium would cause

spectral interference to other analyte lines. Thorium 304.9nm was

chosen as analyte line and thulium 329.1 nm served as internal

standard. Several samples were analysed by the method

standardised.

3.13 Determination of trace metals in sodium using
inductively coupled plasma mass spectromotry

S. Vijayalakshmi, R. Krishna Prabhu, T.R. Mahalingara
and C.K. Mathews

An Elan model-250 ICP-MS system (Sciex,Canada) was

ins t a l l ed and commissioned. This techinque*1) has been

standardized in our laboratory for the determination of some

fourteen trace metals in sodium.
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Stock standard solutions containing 1000 /ig/ml of the

elements of interest were prepared from pure metals (BDH-AR).

Multielement working standards ( jxg/ml) were prepared freshly on

the day of the expermient by sutlably mixing and diluting the

stock standards with 5% aqua regia. Sodium received in flow

through samplers from FBTR was sampled in an argon glove box,

into a tantalum cup. The sodium was distilled off in vacuum and

the residue disolved in aqua regia, made to volume and taken for

analysis by ICP-MS.Various instrumental parameters such as the RF

power, the sampling depth, the nebuliser and the auxiliary argon

gas flows and the voltages of the einzel lenses were all

optimised in the multielement mode to get uniformly high

sensitivity for all the elements. The concentration calibration

(1 to 20 ng/ml) for the multielements (correlation coofft 0.9995)

and the quntitative analysis were readily perfomed by the

computer. The summary of the results and detection limits are

presented in table 3.13.1.

Element

Al

Ba

Bi
Cr

Table 3.13

Analysis of nuclear grade

Mass

27

138

209
52

Sampled)

Concn
(ppb)

912

12

96
110

RSD
%

3.9

16

1.2
6.9

.1

sodium by

Sample(2)

Concn
(ppb)

1078

22

81
91

ICP-MS

RSD
%

5.4

7.4

2
7

Detection
limits
(PPb)

20

2

0.5
20

-153-



Co

Cu

In

Fe

Li

Mg

Mn

Mo

Ni

Sn

*ppm

References

59

63

115

54

7

24

55

98

58

120

••

< 2

94

<0.

5.

48

330

54

117

7.

17

5

5*

6*

—

6.4

-

9.5

26

5.2

8.4

3.36

2.24

10.5

< 2

200

<0.5

3.6*

61

193

63

30

13.6*

26

1.7

-

2.2

27.2

6.2

6

7.3

1.12

9

2

4

0.5

250

25

5

4

1

25

2.5

1. R.S. Houk, Anal. Chem., 58 ( 1986 ) 97A

3.14 Determination of minor and trace metals in zircaloy

R. Geetha, A. Thiruvengadasami and T.R. Mahalingam

A number of samples of zircaloy prepared in the

Metallurgy Division, BARC, had to be characterised precisely for

iron, chromium and tin. For this purpose, an atomic absorption

spectrometric procedure was standardised in our laboratory. The

sample solutions were prepared by dissolving in 1:1 sulphuric

acid and a few drops of HF in a platinum dish and making to

volume. Iron and chromium were determined using an air -

acetylene flame. Nitrous oxide -acetylene flame was used for the

determination of tin. An NBS standard was used to check the
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accuracy of the method. Multiple standard additions carried out

on samples indicated matrix interference in the cases of iron and

tin. Hence suitable corrections were applied while computing the

concentration of iron and tin in the zircaloy samples. The

experimental values for the NBS standard agreed well with the

certified values. The results are given in table 3.14.1.

Table 3.14.1

Concentration of trace metals in zircaloy samples

S.No Sample code Amount of analyte %

No Fe Cr Sn

1

2

3

4

5

6

P-81

P-82

P-83

P-84

P-85

NBS-360a

0.27

0.21

0.21

0.27

0.30

0.140
(0.144)

0.11

0.12

0.21

0.20

0.11

0.11
(0.106)

0.46

0.96

0.90

0.89

0.85

1.40
(1.42)

Note: The values given in paranthesis for the NBS standard are
the certified values.

3.15 Effect of oxidation state of titanium in the flame AAS

R. Geetha, A. Thiruvengadasami and T.R. Mahalingam

An AAS procedure for the determination of titanium in

titanium stabilsed steels was described in our earlier report
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[1]. It was observed that titanium in the Ti (III) state gave a

higher sensitivity than in the Ti (IV) state. It was felt that

thermogravimetric studies on the sulphate of titanium (III), and

titanium(IV) could offer some explanation for the different

sensitivities. Accordingly Ti(IV) sulphate & Ti (III) sulphate

were prepared based on methods available in litrature(2). Their

decomposition behaviour up to 1300°C was studied using

thermogravimetry and the products of decomposition identified by

XRD. It was found that Ti(IV) sulphate decomposed to TiOS(>4 at

150°C which further decomposed to give TiO2 at 450°C, whereas Ti

(III) sulphate decomposed to TiOSC>4 at 550°C which further

decomposed to Ti(>2 at 950°C . As the final product turned out to

be TiO2 in both the cases, based on these studies it is not

possible to offer an explanation for the different sensitivities

exhibited by Ti(III) and Ti(IV) in flame AAS . It can only be

said that in the process of nebulisation, desolvation,

volatilisation etc. taking place in a flame, different

intermediates could be formed whose kinetics of decomposition

could be quite different resulting in different sensitivities.

References :

1. R. Geetha, A. Thiruvengadasami and T.R. Mahalingam, Radioch-
emistry Programme Progress Report, IGC-89 (1986)

2. G. Brauer ( Ed.) , Handbook of Preparative Inorganic
Chemistry (Academic Press, London, 1965)
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3.16 Determination of lithium and iodine in tea water

S. Sahasranamam, V.G. Kulkarni, R. Geetha,
A. Thiruvengadasami and T.R. Mahalingam

Sensitive analytical methods were standardised to

determine the concentration of lithium and iodine in the mother

liquor samples collected from Kovalam salt pan. While lithium

was determined using AAS, iodine present as iodide was estimated

by colorimetry. The respective methods are briefly discussed

below.

Magnesium present in very high levels posed serious

chemical interference in the determination of lithium. A sample

concentration of 10 mg/ml was aspirated into the air acetylene

flame and the absorbance measured at 670.8 run. A nearby argon

line was used to correct for the background. Multiple standard

addition was done to take care of the interference from

magnesium. The concentration of lithium was found to be in the

range 2-4 ppm in these samples. The detection limit was found to

be 1 ppm.

The iodine present as iodide was liberated by treatment

with excess of potassium iodate in acid medium, extracted in

toluene and the absorbance measured at 306 nm. As standard

addition studies showed serious interference from the matrix,

the sample concentration was so adjusted to keep the

interference to a minimum. Suitable correction factors were

-157-



applied. The concentration of iodide was found to be less than

0.5 ppm in all the samples.

3.17 Determination of amines by ion chromatography

S. Sahasranaman

Low concentration of volatile amines such as morpholine

and cyclohexylamine are added to control pH in reactor water

system and hydrazine, as an oxygen scavenger.

A single column ion chromotograph was successfully

employed to determine amines in aqueous samples. A low capacity

Ion-200 cation exchange column waas used for the separation of

amines. Dilute nitric acid 1 mM of pH 3.0 was used as the eluent.

Injection of an amine sample into an acidic eluent stream

converts the amines into cations((CH2)5CHNH3+,N2H5/C4HgNOH
++,

which can be separated. Since amine cations have a much lower

equivalent conductance than the hydrogen ion they can be detected

with good sensitivity.

The detection limits for hydroxylamine and morpholine

were found to be 100 ng and for hydrazine/ 200 ng with 20 fal

sample volumes. The sensitivity can be enhanced using higher

volume sample loops and pre-concentrating the aqueous samples.
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3.18 Determination of thorium and r a n earth element* in
mixtures by complexometry

S. Sahasranaman

A complexometric procedure has been developed for

the successive determination of thorium and rare earth elements

in a mixture. This was easily achieved by titration with

diethylene triamine penta acetic acid (DTPA) using xylenol orange

as indicator. The determination of thorium was carried out at pH

2-3 using xylenol orange indicator to a clear yellow end point. A

known excess of standard DTPA solution was added to complex the

rare earth, the pH adjusted to 5.0-5.5 with hexamine and the

excess of DTPA was titrated with standard lead nitrate solution

to a clear red-violet colour end point. The above method was

adopted for the determination of lanthanum in the presence of

thorium, both present in milligrams level, to an accuracy +1%

Synthetic standard solutions containing thorium and

lanthanum or europium, analysed by the method given above, gave

good results for both the elements correct to +1% .

3.19 Determination of iron in reactor grade sodium

S. Sahasranaman, S. Nalini and R. Uma Maheswari

A highly sensitive colorimetric method has been

standardised for the determination of iron in sodium. Ferrozine-

iron reagent (Hach Chemical Co., USA)is one of the most sensitive
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water-soluble reagent, which is highly specific for iron and has

got a high molar absorptivity of 28,000. Complexation is

unaffected in the pH range of 3.0-7.5. Total iron was estimated

by reducing ferric ions to ferrous state in an appropriate buffer

medium. The reagent combines with ferrous ions to form a magenta-

coloured tris complex, which has a maximum absorbance at 562 nm.

Sodium samples were distilled under high vacuum and the

residue was leached with hydrochloric acid. The solution was

transferred to a 10 ml standard flask, reduced to bivalent state

and buffered with acetate solution. Ferrozine reagent was then

added and the absorbance measurements were carried out with a

spectrophotometer. Calibration was performed making use of

synthetic standards and the sodium samples were analysed using

the above calibration. The detection limit of the method was

found to be 0.01 ppm for a sample size of 5.0 g of sodium.

3.20 Determination of phosphate in sodium metal

S. Nalini, S. Sahasranaman and N.P. Bhat

A method has been standardised for the estimation of

phosphate in sodium metal. Sodium was sampled in an inert

atmosphere glove box and dissolved in high purity water. The

sodium hydroxide formed was neutralised with sulphuric acid. A

small amount of hydro fluoric acid was added to volatilise

silica. The solution was then treated with ammonium molybdate in

sulphuric acid medium, hydrazine sulphate was then added to
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reduce the complex to molybdenum blue. Absorbance measurements

were made at 820 nm, with standards containing known amounts of

phosphate. A standard calibration graph was obtained for

various concentration ranges. A blank was carried out using the

reagents. Standard addition experiments of known amounts of

phosphate to the sodium metal gave good recoveries. The

phosphate content in sodium metal was found to be 2.0 ppm

employing the above procedure.

3.21 Analytical services

Providing analytical support to the various research

and development programmes in IGCAR and MAPS has been one of the

major tasks of the Radiochemistry Programme. A wide variety of

samples including sodium, stainless steels, ferritic steels and

other alloys, samples from boron enrichment work, magnetite,

doped crystals, gels, polymers, dye penetrants, transformer oils,

sea water and heavy water have been analysed. Many crud samples

from CRDM bellow, MAPS boiler deposits, MAPS turbine blades and

corrosion products in the service water lines of FBTR were also

analysed in order to aid failure analysis. A sample of primary

sodium of FBTR was checked for fisson products and plutonium and

the activity found to be less than the detection limits of our

techniques. Cover gas samples of the primary circuit of the FBTR

were analysed for hydrocarbons and nitrogen. New analytical

methods were developed and standardised whenever the need arose.

Suitable analytical methods were chosen from the array of

techniques available in the laboratory, viz., atomic absorption
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spectrometry, optical emmision spectrometry, mass spectrometry,

uv-v i s - i r spectrometry, x-ray fluorescence, gas/ l iquid

chromatography, electroanalytical methods, low pressure methods

and classical methods and pressed into service after an appraisal

of the analytical requirement. Totally 656 samples were

analysed which involved 2080 determinations. The break-up of

analyses carried out for the various programmes in IGCAR, MAPS,

and BARC is given in the table 3.21.1.

Table 3.21.1

Break-up of analytical service rendered during the period
1986 - 1987

S.No.

1

2

3

4

5

6

7

Facility No

Fast reactor group
(FBTR,EDS,CTS)

Metallurgy programme
(MDL,RML,NSF,QCIW)

Engineering services group
(CWS,CWCP,CEG)

MSL,Instrumentation and
Electronics group

MAPS, WSCL,CWMF

BARC

Others
(RDL,KARP,RCP,
& private institutions)

Total

.of samples

194

200

150

28

33

16

35

656

No.of determinations

430

984

373

39

92

26

136

2080
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4.INSTRUMENTATION

4.1 COMMISIONIHG OF THE RADIOACTIVE SODIUM CHEMISTRY LOOP

V. Santhamoorthy and K.C. Srinivas

The Radioactive sodium chemistry loop, preliminary

details of which were furnished in the previous report, was

commissioned in November 1987/ in collaboration with the

Electronics and Instrumentation laboratory of the centre. For

four months prior to that, detailed testing on the system was

carried out. In the first place, the field wiring was given

final touches. The solid state relays meant for on/off control

through the computer were mounted in position and tested.

The system was configured with an IBM-PC as a front end

intelligence, in communication with two scanning microcomputers,

referred to as slaves. The slaves have sufficient 1/0 ports to

interface to the 250 field sensors installed at various locations

in the loop. The field sensors include thermocouples, leak

detectors, level sensors, electrochemical meters etc.

The IBM-PC connects to the slaves through individual

RS-232 links. A communication protocol in the form of a machine

language program resides in the microprocessors, where-by the

slave can recognise command packets from the master (the IBM-PC)

and interpret the same so that the indicated request can be

serviced. All operator instructions are carried out through the
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Pig. 4.1.1 Control instrumentation for the radioactive sodium
chemistry loop
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PC's terminal, and the PC in turn passes on the instructions to

the slaves for actual field implementation. The system

organisation is depicted in the fig 4.1.1.

An important capability of the system is the ability to

perform on/off operations on the loop heaters through zero-

crossing solid state relays, thereby achieving temperature

control over the loop. The slave processors have the intelligence

to carry out this task entirely independently, once given the

set-points by the master computer.

The IBM-PC creates a user-friendly environment for the

start-up and operation of the loop. The set-up parameters are

obtained through a dialogue and operator -training is hence a

much simplified proposition.An elaborate programme in BASIC has

been written to implement this interactive programme. The set

temperatures around the loop, the sections of the loop to be

operated, the meter readings to be taken etc. are querried for

and cross checked for validity before acceptance. Decisions for

dumping the sodium under prescribed conditions are taken and

executed by the computer.

Round-the-clock operation of the loop has commenced

and subsequently unattended operations will be tried out.
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4.2 INSTRUMENTATION FOR THE HOT CELLS

V. Santhamoorthy, B. Suhasini and K.C. Srinivas

The instrumentation is being given the final touches

before commissioning the cells, an activity scheduled for the

immediate future.

The recirculation system was subjected to on line

testing and neccessary modifications were carried out to make the

same perform satisfactorily. The inter-cell transfer port door

movement was checked out for satisfactory electro-pneumatic

operation.

The recirculatory purification system was commissioned

and checked out for satisfactory operation. The regeneration

heaters were connected through an on/off controller for attaining

controlled temperature operation.

Commissioning of the fast transfer system is the

current task on hand.The system is being kept in readiness for

operation shortly.
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4.3 ON LINE CONTROL OF THE MASS SPECTROMETER
USING AM IBM-PC

V. Santhamoorthy and K.C. Srinivas

A digital input/output card configured as a plug-in to

an IBM-PC was designed and developed for on-line control and data

acquisition on an existing mass spectrometer. Necessary programs

in BASIC were developed for communication with the mass

spectrometer.

The mass spectrometer was originally delivered with a

HP9830 minicomputer communicating through a "multiple interface"

designed by M/S VG MICROMASS, the suppliers of the mass

spectrometer. The multiple interface receives a formatted string

of ASCII characters from the computer. This string is decoded by

the multiple interface and in an input operation, the ion

intensity as read by a digital voltmeter is returned to the

computer. In the case of an output operation, the numeric data

from the computer is latched in, to set the magnetic field

accordingly.

In this work, the originally supplied HP calculator was

replaced by the IBM-PC. The PC was programmed to output a

similar ASCII string as the original HP computer. The plug-in

hardware essentially channelises the ASCII string between the

PC's bus and the external ports during I/O operations. The set-

up is shown in fig. 4.3.1.
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Personal computer outputs command strings
under program control to the existing interface. The
data transmitted by the mass spectrometer is read
by the PC and field is set suitably.
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Fig. 4.3,1 Schematics of the on-line control of mass-spectrometer using a personal computer



4.4 ON LINE CONTROL AND DATA ACQUISITION ON THE X-RAY
SPECTROMETER USING AN IBM-PC

R. Parthasarathy and R. Asuwathraman

The task of automating the x-ray flourescence and

diffraction spectrometers was taken up and completed. The x-ray

spectrometer ,supplied by M/S Siemens has been designed with

necessary interface to run in a programmed mode upon receipt of

specified command strings. The necessary software in the form of

program listings in BASIC were also supplied by the firm. After

a thorough study of the system and the software, the

commissioning of the instrument on line with an IBM-PC was taken

up.

In its automated mode, the spectrometer's various

modules viz. goniometer, timer-sealer, crystal changer, sample

changer etc.are operated to specified set points as output by the

computer under programme control. Thus, protracted measurement

runs can be carried out in a totally automated mode and results

obtained in the form of readily comprehensible print-outs. The

system configuration is shown in fig. 4.4.1.

In the first place, the PC was made interactive with

the interfaces. Then the control programme was written to issue

the necessary command sequence for automated operation.
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Without losing the identity of the original programme

supplied by M/S Siemens, the software was entirely rewritten to

run on the enhanced BASIC version that is poular with the IBM-

PCs. Also serial communication routines in BASIC were introduced

wherever necessary since these routines were originally written

by the supplier in the PDP-11 machine language. Next, necessary

print-out routines were also introduced to obtain the hard copy

of the results and other useful data. This was necessary as the

original program was designed with a tele-type as the I/O device

as against our present requirement of interacting with a CRT and

keyboard.

Having made the software to run the control programmes,

the creation of utility files was next taken up. Thus a

"standards calibration file" and an "elements" file containing

information from the periodic table were created to make the

software very competent for analysis.

Thus the x-ray spectrometer has been comprehensively

automated with the IBM-PC and the system has been put into

regular operation.

4.5 MICROCOMPUTER BASED CONTROLXER FOR A ULTRA HIGH VACUUM
SYSTEM

R. Parthasarathy and R. Karpagam

A microcomputer based controller was designed for

automated operation of a ultra high vacuum system. This is part
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of a set-up for analysis of retained fission gases in irradiated

fuel using a quadrupole mass spectrometer. The controller

provides four operation routines for the user, viz. start, stand-

by, restart and shut down. Apart from these user oriented

routines, the software includes these house keeping routines :

to check proper initialisation and tracking of the interface

electronics, to detect defective components in the vacuum system

plumbing, to have vigil over the cooling flow for the diffusion

pump and to ensure back-up vacuum for the diffusion pump.

In the event of a failure in the system, an error code

is displayed. The system is designed around a microcomputer with

30 I/O lines and 3 interrupt lines. The system is capable of

entirely manual operation also should a failure of the computer

system occur. The system is undergoing pre-commissioning tests .

172-



5.0 CHEMISTRY COLLOQDIA

1. Fission gas retention and swelling Sitaram Dash
in irradiated fast reactor fuel

2. Laser ionisation Dr K.S. Viswanathan

3. Fission product profiling in M. Kamruddin
irradiated fuels

4. Dissolution of plutonium dioxide in Smt A.M. Shakila
nitric acid

5. Introduction to fourier transform K. Sankaran
infrared spectroscopy

6. Matrix isolation spectroscopy Prof. C.N. Krishnan,
University of Madras.

7. Studies on sodium-molybdenum-oxygen T. Gnanasekaran
system

8. Solid electroyte oxygen gauges for G. Periaswami
liquid metals and gases

9. Some high temperature studies in P. Sriramamurti
the ternary U-Ce-0 system

10. Release and transport behaviour of Dr H.Feuerstein,
radionuclides in sodium coolant KfK, FRG

11. Operational experience in KNK-II K.C. Stade,
KfK, FRG

12. Carbon potential in sodium-steel S. Rajendran Pillai
systems

13. Activity transport in fast reactor P. Muralidharan
primary circuits

-173-



14. Thermodynamics of actinides

15. Hydrogen issues related to safety
of water cooled nuclear reactors

V. Venugopal,
BARC

Dr K.S. Venkateswarlu,
BARC

16. Ultra purification of materials Dr A.J. Singh,
BARC

17. Thermodynamic data on rare earth
oxysulphides, oxysulphates and
sesquisulphides

Prof. K.T. Jacob,
IISc, Bangalore.

18. Multi-element analysis Dr H.C. Jain,
BARC.

19. Quantitative X-ray diffraction Dr S. Rajagoplan
studies

20. Raman spectral studies and mole-
cular interactions

Prof. Surjit Singh,
IIT, Madras.

21. On the measurement and inter-
pretation of thermal conductivity
of ceramic materials

P. Srirama Murti

22. Ultra fast spectroscopy and its S.K. Nayak
photochemical applications

23. Vibrational frequencies of mole- K. Sankaran
cules in gas phase: a calculational
approach

24. Oxide solid electrolytes and their
applications

R. Krishnaji

25. Development of nuclear microprobe C. Ramesh

26. Metal ion extraction by organo
phosphorous acids

V.V. Ramakrishna,
BARC

27. Techniques for vapour pressure
measurements at high temperature

-174-

M. Joseph



28. Electrical behaviour of ZnO based
varistors

Prof. G.N.K. lyengar,
IISc, Bangalore

29. Liquid metal corrosion studies
related to fast breeder and fusion
reactors in KfK,

Dr H.U. Borgstedt,
KfK, FRG.

30. New spectroscopic methods using Prof. James y
lasers Indiana University,

USA.

-175-



6.0 PUBLICATIONS

a. BOOK

Applied Chemistry of Alkr.ii Metals,
H.U. Borgstedt and C.K. Mathews,
Plenum Press, New Yozk, 1987.

b. Ph.D THESES

1. Chemistry of Carbon in Sodium - Steel System,
S. Rajendran Pillai,
University of Madras, 1987.

2. Some Thermodynamic Studies on Ternary Systems Involving
Sodium and Oxygen,
T. Gnanasekaran,
University of Madras, 1987.

c. JOURNALS

1. An electrochemical meter for measuring carbon activity in
liquid sodium,
S. Rajendran Pillai and C.K. Mathews,
J. Nucl. Mater., 137 (1986) 107.

2. Oxidation and phase behaviour studies of the U-Ce-0 system,
H.P. Nawada, P. Srirama Murti, K.V. Govindan Kutty,
S. Rajagopalan, R.B. Yadav, P.R. Vasudeva Rao
and C.K. Mathews,
J. Nucl. Mater., 139 (1986) 19.

3. Threshold oxygen levels in sodium necessary for the
formation of NaCrO2 in sodium - steel system,
T. Gnanasekaran and C.K. Mathews,
J. Nucl. Mater., 140 (1986) 202.

4. Third phase formation in the extraction of plutonium by
TBP,
T.G. Srinivasan, M.K. Ahmed, A.M. Shakila,
R. Damodharan, P.R.V. Rao and C.K. Mathews,
Radiochim. Acta, 40 (1986) 151.

5. Effect of oxygen and nitrogen impurities on the
thermodynamic properties of Uranium-Plutonium mixed carbide
fuel,
M. Sal Baba, S. Vana Varamban and C.K. Mathews,
J. Nucl. Mater., 144 (1987) 56.

•176-



6. The behaviour of carbon in sodium-steel systems/
C.K. Mathews, T. Gnanasekaran and S. Rajan Babu,
Trans. Indian Institute of Metals, 40 (1987) 89.

7. Conductivity of £" - alumina and nasicon for sodium ions,
S. Rajan Babu, G. Periaswami, T. Gnanasekaran and
C. K. Mathews,
Trans. SAEST, 82 (1987) 77.

8. Carbon potential and carbide equilibrium in 18/8 austenitic
steels,
S. Rajendran Pillai and C.K. Mathews,
J. Nucl. Mater., 150 (1987) 31.

9. Thermodynamic properties of compounds of alkaline earth
elements with other fission products,
Rita Saha, R. Babu, K. Nagarajan and C.K. Mathews,
Thermochimica Acta, 120 (1987) 29.

10. A wet chemical method for the estimation of carbon in
uranium carbides,
V. Chandramouli, R.B. Yadav and P.R. Vasudeva Rao,
Talanta, 34 (1987) 807.

11. Dissolution of PuO2 in HNO3-HF-N2H4 Medium,
A.M. Shakila, K.N. Sabharwal, T.G. Srinivasan and
P.R. Vasudeva Rao,
Nucl. Technol., 79 (1987) 116.

12. Photochemical reduction of Pu(IV) by 2-Thenoyltrifluoro-
acetone,
S.K. Nayak, P.R. Vasudeva Rao and C.K. Mathews,
Lanthanide and actinide Research, 2 (1987) 139.

13. Spectrophotometric determination of oxygen to uranium ratio
in U3O8,
M.K. Ahmed, N.L. Sreenivasan, D.S. Suryanarayana
and K.N. Sabharwal,
Anal. Chem., 58 (1986) 2479.

14. Determination of carbon in uranium carbide using catalytic
oxidation by M1O2,
V. Chandramouli and R.B. Yadav,
Analyst, 112 (1987) 1339.

15. Vaporisation thermodynamics of the nickel-rich phases in the
Ni-Te binary system - a high temperature mass spectrometric
study,
R. Viswanathan, M. Sai Baba, D. Darwin Albert Raj,
R. Balasubramanian, B. Sana and C.K. Mathews,
J. Nucl. Mater., 149 (1987) 302.

-177-



16. Stability of ternary oxygen compounds of molybdenum in
liquid sodium,
T. Gnanasekaran, K.H. Mahendran, G. Periaswami, C.K. Mathews
and H.U. Borgstedt,
J. Nucl. Mater., 150 (1987) 113.

17. A study of non-stoichiometry in U3O8,
P. Srirama Murti, R.B. Yadav, H.P. Nawada, P.R. Vasudeva Rao
and C.K. Mathews,
Accepted for publication in Thermochimica Acta.

18. Thermal diffusivity and thermal conductivity studies on
europium, gadolinium and lanthanum pyrohafnates,
M.V. Krishnaiah, P. Srirama Murti and C.K. Mathews,
Accepted for publication in Thermochimica Acta.

19. Thermodynamic functions of alkaline earth monouranates from
calorimetric measurements,
Rita Saha, R. Babu, K. Nagarajan and C.K. Mathews,
Communicated to Thermochimica Acta.

20. X-ray fluorescence determination of zinc in zinc-aluminium
binary alloys by mathematical correction of matrix effects,
K.V.G. Kutty, S. Rajagopalan and C.K. Mathews,
Communicated to X-ray Spectrometry.

21. Vaporisation thermodynamics of the Fe-Te system - a high
temperature mass spectrometric study,
R. Viswanathan, M.Sai Baba, D.Darwin Albert Raj,
R. Balasubramanian, B. Saha and C.K. Mathews,
Communicated to Journal of Chemical Thermodynamics.

d. SYMPOSIA and CONFERENCES

1. Separation of rare earths for burn-up determination of spent
nuclear fuels using high pressure liquid chromatography,
D. Karunasagar, M. Joseph, B. Saha and C.K. Mathews,
Third National Symp. on Separation Techniques, Waltair,
Jan.1986.

2. Optimization of mobile phase composition in high performance
liquid chromatography for inorganic analytes,
M. Joseph, D. Karunasagar, B. Saha and C.K. Mathews, ibid.

3. Separation techniques in the determination of trace
impurities in sodium metal coolant of FBTR,
N.P. Bhat, S. Sahasranaman, R. Geetha and
C.R. Venkatasubramani, ibid.

4. Determination of trace level alkali and alkaline earth
metals by nonsuppressed ion chromatography,
S. Sahasranaman and N.P. Bhat, ibid.

•178-



5. Spectrocheraical determination of trace metals in
uranium oxides,
V. Srinivasan, R. Krishna Prabhu and T.R. Mahalingam, ibid.

6. Out-of pile simulation studies on fast reactor fuel
materials,
M.P. Antony, Arun Kumar, K.C. Srinivas, C. Rajendran,
S. Subramaniam, J. Daniel C.G., and C.K. Mathews,
Proc.Seminar on Fast Reactor Fuel Cycle, Kalpakkam,
Feb., 1966, Vol. 1, p. 83.

7. Effect of oxygen and nitrogen impurities on the performance
of the mixed carbide fuel - a study based on thermo-
dynamic calculations,
M.Sai Baba and C.K.Mathews, ibid. p. 86.

8. Studies on irradiated fast reactor fuels at the
Radiochemistry Laboratory,
B.Saha, ibid. p. 95.

9. Hot cell facility at RCL for post-irradiation studies on
fast reactor fuels,
Arun Kumar, M.P. Antony, S. Dash, M. Kamruddin, C. Rajendran
S. Subramaniam, J. Daniel C.G., G. Ravisankar, M.P. Mishra,
K.C. Srinivas and C.K. Mathews, ibid. p. 99.

10. High temperature vacuum extraction technique for analysis
of gases in irradiated fuel,
Sitaram Dash, S. Subramaniam and B. Saha, ibid. p. 160.

11. Calculation of vapour pressure over FBTR fuel,
M.Joseph and C.K.Mathews, ibid. p. 179.

12. Wet chemical characterisation of uranium carbides,
N.L. Sreenivasan, V. Chandramouli and R.B. Yadav,
ibid. p. 145.

13. Photochemical studies on process chemistry,
P.R. Vasudeva Rao, S.K. Nayak and C.K. Mathews,
ibid. p. 188.

14. Third phase formation in extraction of plutonium by TBP,
T.G. Srinivasan, M.K. Ahmed, A.M. Shakila, R. Dhamodaran,
P.R. Vasudeva Rao and C.K. Mathews, ibid. p.192.

15. Reaction of hydrogen and nitrogen with uranium - plutonium
carbides,
S. Anthonysamy, I. Kaliappan, and P.R. Vasudeva Rao,
ibid. p. 74.

16. Oxidation of mixed oxides and carbides and its implication
in fuel reprocessing,
H.P. Nawada, P. Srirama Murti and C.K. Mathews,
ibid. p. 184.

-179-



17. Behaviour of fast reactor fuels and related basic research,
C.K. Mat hews, ibid. Vol.2, p.

18. Loslichkeit und bestimmung von Sauerstoff in flussigen
Alkalimetallen,
H.u. Borgstedt, P.G. Gadd and V. Ganesan,
Konf. "Nichtmetalle in Metalien", Munster, March 1986.

19. Computation of chemical equilibria/
S. Vana Varamban,
XI Annual Symposium in Chemistry, Indian Institute of
Technology, Madras, March 1986.

20. Measurement of diffusion coefficient of hydrogen in nickel,
G. Periaswami, S. Rajan Babu and C.K. Mathews, ibid.

21. Application of high pressure liquid chromatography in
inorganic analysis,
D. Karunasagar and M. Joseph, ibid.

22. Determination of manganese in steels by derivative
spectrophotometric method,
S. Sahasranaman, R. Nalini, R. Umamaheswari, M.K. Ahmed
and N.P. Bhat, ibid.

23. Determination of chromium and titanium in steels by
atomic absorption spectrometry,
R. Geetha, A. Thiruvengadasami and C.K. Mathews, ibid.

24. Determination of yttrium in yttria-doped-thoria by
emission spectrography,
V. Srinivasan, R. Krishna Prabhu and T.R. Mahalingam, ibid.

25. Microprocessor based control for hot cell recirculation
system,
V. Santha Moorthy and K.C. Srinivas,
National Symposium on Application of Computers in Chemical
Engineering, IGCAR, Kalpakkam, April 1986.

26. Conductivity of " alumina and nasicon,
S. Rajan Babu, T.Gnanasekaran, G. Periaswami and
C.K. Mathews,
Fifth National Conference on Power sources, Batteries and
Fuel cells, Indian Institue of Science, Bangalore,
August 1986.

27. Research and development relating to fast breeder reactor
and its impact on national development in India,
C.V. Sundaram, S.R. Paranjpe, C.K. Mathews, G.R.
Balasubramanian and P. Rodriguez,
IAEA International Symposium on the Significance and Impact
of Nuclear Research in Developing Countries,
Athens, Greece, September 1986.

-180-



28. Analytical chemistry in the development of fasr breeder
reactor technology,
C.K. Mathews, UGC Workshop on Microchemical & Instrumental
Analysis, Univ. of Madras, September 1986.

29. Radioactivity in the environment,
C.K. Mathews,
National Seminar on Physico-chemical Methods- Environment-
Moleculat Structure,
S.V. Univ., Tirupati, October 1986.

30. India towards twentyfirst century- Energy prospects,
C.K. Mathews,
National Seminar on Technology Forecasting ( Towards
Twentyfirst Century ),
BITS, Pilani, November 1986.

31. Study of phase equilibria in Na-Mo-0 system using solid
electrolyte galvanic cells,
T. Gnanasekaran, K.H. Mahendran, H.U. Borgstedt and
C.K. Mathews,
Symposium on Electrochemistry in Nuclear Technology,
Kalpakkam, December 1986.

32. Application of electrochemistry in fast breeder technology,
C.K. Mathews, ibid,

33. A potentiostatic technique for the measurement of
diffusivity of hydrogen in nickel,
S. Rajan Babu, G. Periaswami, and C.K. Mathews, ibid.

34. Single - column ion chromatography with a conductometric
detector for simultaneous determination of multiple
cations and anions,
S. Sahasranaman and N.P. Bhat, ibid.

35. Potentiometric determination of Pu(IV) in organic phase
using Fe(II) as titrant,
M.K. Ahmed, ibid.

36. Nuclear reactors and reactor fuels,
C.K. Mathews,
Fifth International Course on Physics of Materials,
IIT, Madras, December 1986.

37. A method for the Determination of TBP in Kerosene-type
Diluents,
R.Da*nodharan, T.G. Srinivasan and P.R.V. Rao,
Radiochem. and Radiation Chem. Symposium,
S.V. University, Triupati, Dec 1986.

38. India's fast breeder reactor development programme and
related chemistry research,
C.K. Mathews, ibid.

-181-



39. Third phase formation in diluent-modified Pu(IV)-30% TBP-
HNO3 Systems,
T.G. Srinivasan, M.K. Ahmed, R. Damodharan and P.R.V. Rao,
ibid.

40. Determination of trace levels of plutonium in sodium metal,
K. Swaminathan, N.P. Seshadreesan, C.R. Venkatasubramani,
ibid.

41. Determination of 137Cs in sodium metal,
K. Swaminathan, N.P. Seshadreesan, C.R. Venkatasubramani,
ibid.

42. India's fast breeder reactor development programme and
related chemistry research,
C.K. Mathews,
VI Annual Convention of Indian Council of Chemists,
Madurai, December 1986.

43. Development of an apparatus for the analysis of gases in
solids,
Sitaram Dash, D.V. Natarajan and B. Saha,
Solid State Phys. Symp., G.B. Pant Univ.,
Pantnagar,Dec.1986.

44. Studies on phase transformation using mass spectrometry,
R. Viswanathan, M. Sai Baba, D. Darwin Albert Raj,
R. Balasubramanian, B. Saha and C.K. Mathews, ibid.

45. A laser flash apparatus for the measurement of thermo-
physical properties ,
M.V. Krishnaiah, V. Santha Moorthy, P. Srirama Murti,
K.C. Srinivas and C.K. Mathews, ibid.

46. Development of a nuclear microprobe at IGCAR,
C. Ramesh, K.G.M. Nair, N.S. Thampi, B. Saha and
C.K. Mathews,
Seminar on the Physics & Technology of Particle
Accelerators and Their Applications, Calcutta, Jan. 1987.

47. Thermal ionisation mass spectroroetry,
B. Saha,
Winter School/Workshop on Mass Spectrometry , RSIC,
Indian Institute of Technology, Madras, Feb. 1987.

48. High temperature mass spectrometry,
C.K. Mathews, ibid.

49. Maintenance of mass spectrometers,
K.C. Srinivas, ibid.

50. Thermal expansion and phase studies on nuclear materials by
x-ray diffractometry,
S. Rajagopalan, H.K. Jajoo, S.K. Ananthakrishnan,
K.V.G. Kutty and C.K. Mathews,

•182-



XII Annual Symposium in Chemistry, Indian Institute of
Technology, Madras, March 1987.

51. Carbon potentials in 18/6 austenitic steels and the free
energy of formation of relevant metal carbides,
S. Rajendran Pillai and C.K. Mathews,
Fifth Internat. Conf. on High Temperature and Energy
Related Mateials, Rome, May, 1987.

52. Thermochemistry and phase relationships in M-Te
(M - Fe, Cr and Ni) systems of relevance to fuel-clad
interaction in fast breeder nuclear reactors - a high
temperature mass spectrometric study,
B. Sana, R. Viswanathan, M. Sai Baba & C.K. Mathews,ibid.

53. Vaporisation studies for metal halide lamps -the Nal-Dyl3
system,
K. Hilpert, M. Miller, H. Gerads, D. Kobertz and B. Sana,
ibid .

54. Nuclear materials characterisation,
C.K. Mathews,
Internat. Workshop on Analytical Techniques for Material
Characterisation,
Southern University, Baton Rouge, Louisiana, USA, May 1987.

55. Spectroscopic techniques in the trace characterisation of
nuclear materials,
T.R. Mahalingam,
All India Workshop on Micro and Semimicro Chemical and
Instrumental Analysis, Univ. of Madras, May 1987.

56. Photochemical destruction of organic compounds formed
during dissolution of uranium carbide in nitric acid,
S.K. Nayak, T.G. Srinivasan, P.R.V. Rao and C.K. Mathews,
V Symp. on Sepn. Sci. Technol. for Energy Applications,
Knoxville, Tennessee, USA, Oct. 1987

57. Effect of uranium on third phase formation in Pu(IV)-HN03-
TBP/Dodecane system,
T.G. Srinivasan, R. Dhamodaran, P.R.V. Rao and C.K. Mathews,
ibid.

58. Rapid detemination of burn-up of nuclear fuel - a
possible approach,
D. Karunasagar, M. Joseph, B. Saha, and C.K. Mathews,
ibid.

59. Anisotropy of the thermal expansion and the hydrostatic
compression in quasicrystals,
Mohammad Yousuf, K. Govinda Rajan, V.S. Raghunathan,
S. Rajagopalan and N. Victor Jaya,
Internat. Conf. on Recent Advances in Materials and
Processes, Banaras Hindu University, Varanasi, Nov. 1987.

-183-



60. Some thermodynamic investigations on the ternary oxygen
compounds of relevance in the corrosion of sodium-steel
systems,
T. Gnanasekaran, R. Sridharan, G. Periaswami and
C.K. Mat hews,
10th International Congress on Metallic Corrosion, Madras,
India, Nov. 1987.

61. Carburization of steels in liquid sodium and the nature of
the carbon-bearing species,
S. Rajendran Pillai, R. Ranganathan and C.K. Mathews,
ibid.

62. Corrosion of austenitic stainless steels by liquid sodium
and by reactor fuel in fast breeder reactor,
C.K. Mathews, ibid.

63. Reaction of SS with liquid potassium containing disssolved
oxygen,
D. Krishnamurthi, N.P. Bhat and C.K. Mathews, ibid.

64. Microprocessor based nuclear counting system,
R. Parthasarathy and K.C. Srinivas,
Indian Physics Association Seminar on Pulse Processing
Techniques in Radiation Detection & Spectrometry,
BARC, Bombay, Dec. 1987.

65. A thermogravimetric study of the oxidation behaviour
of uranium dicarbide,
H.P. Nawada, P. Srirama Murti, G. Seenivasan, S. Antonysamy
and C.K. Mathews,
VI National Symposium on Thermal Analysis,
Indian Institute of Technology, New Delhi, December 1987.

66. Characterisation of non-stoichiometric iron telluride by
high temperature mass spectrometry,
R. Viswanathan, M. Sai Baba, D. Darwin Albert Raj,
R. Balasubramanian, B. Saha and C.K. Mathews,
Accepted for presentation at the Fourth National Symposium
on Mass spectrometry, Bangalore, Jan. 1988.

67. High temperature mass spectrometric studies of inorganic
systems,
C.K.Mathews, ibid.

68. Determination of dissociation constant of diatomic
tellurium molecule,
M. Sai Baba, R. Viswanathan, D. Darwin Albert Raj,
R. Balasubramanian, B. Saha and C.K. Mathews, ibid.

69. Gibbs energy of formation of NaCrO2 by high temperature
mass spectrometry,
T. Gnanasekaran, R. Viswanathan, M. Sai Baba,
D. Darwin Albert Raj, R. Balasubramanian and C.K. Mathews,
ibid.

•184-



70. A possible neutron fluence monitor based on shift in
isotopic abundance of trace boron in stainless steel clad/
D. Darwin Albert Raj, R. Balasubramanian, D. Karunasagar,
B. Sana and C.K. Mathews, ibid.

71. A quadrupole mass spectrometer based residual gas
analyser,
Sitaram Dash and B. Sana, ibid.

72. Determination of titanium in titanium stabilised steels
by flame AAS,
R. Geetha, A. Thiruvengadaswamy and T.R. Mahalingam,
Accepted for presentation at the V ISAS National Symposium
on Analytical Spectroscopy and Hyfenated Techniques,
Hyderabad, Jan. 1988.

73. Determination of yttria in yttria doped thoria and yttria
stabilised zirconia,
V. Srinivasan, R. Krishna Prabhu and T.R. Mahalingam, ibid.

74. Estimation of fuel burn up by HPLC,
M. Joseph, D. Karunasagar and B. Sana and C.K. Mathews,
Accepted for presentation in Radiochem. and Radiation Chem.
Symp., BARC, Bombay, Feb. 1988.

75. Estimation of 54-Mn and HOm-Ag in sodium metal,
K. Swaminathan, N.P. Seshadreesan, C.R. Venkatasubramani and
N.P. Bhat, ibid.

76. Photochemical destruction of oxalate in simulated
reconversion supernatant,
T.G. Srinivasan, S.K. Nayak, R. Dhamodaran and
P.R. Vasudeva Rao, ibid.

77. Radionuclide transport in fast reactor coolant circuits,
G. Periaswami, ibid.

78. Chemical oxidative destruction of organic compounds formed
during dissolution of uranium carbide in nitric acid,
V. Chandramouli and R.B. Yadav, ibid.

d. REPORTS

1. Computation of chemical equilibria,
S. Vana Varamban,
IGCAR-76, 1986.

2. Comments on "Impurity levels in mixed oxide fuel - analysis"
S. Vana Varamban and P.R. Vasudeva Rao,
IGC/RCP/5803/ 1986.

3. Carbothermic synthesis of carbides of uranium and plutonium,
S. Anthonysamy, P.R.V. Rao and C.K. Mathews,
IGCAR-82, 1986.

•185-



4. Evaluation of thermodynamic functions of gaseous uranium and
thorium carbide species,
M. Joseph,
IGCAR-84, 1986.

5. Determination of oxygen in sodium by vaccum distillation
method,
V. Ganesan, D. Krishnamurthy and N.P. Bhat,
IGCAR-87, 1986.

6. An inexpensive oxygen meter for sodium,
G. Periaswami, S.Rajan Babu and C. K. Mathews,
IGCAR-92, 1987.

7. Compositioinal analysis of stainless steels by x-ray
fluorescence spectrometry,
K.V.G. Kutty, S. Rajagopalan, S.K. Ananthakrishnan and
R. Asuvatharaman,
IGCAR-95 (in press).

8. Thermal expansion and phase transformation studies on some
materials by high temperature x-ray powder diffractometry,
S. Rajagopalan, K.V.G. Kutty, H.K. Jajoo,
S.K. Ananthakrishnan and R. Asuvathraman/
IGCAR-96 (in press).

-186-


