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SUMMARY AND CONCLUSIONS 2. SUMMARIES, CONCLUSIONS AND RECOMMENDATIONS

1. INTRODUCTION

The specialist meeting on carbon in sodium was held at AERE (Harwell), England.

The meeting was sponsored by the International Atomic Energy Agency (IAEA)

on the recommendations of the International Working Group on Fast Reactors

(1WGFR). It was presided over by Dr D M Donaldson (General Chairman) of the

United Kingdom, and was attended by 23 participants and observers from

Belgium, France, the Federal Republic of Germany, Italy, Japan, the United

Kingdom, the United States of America, the Soviet Union and the IAEA.

The purpose of the meeting was to provide a forum for the exchange of

views on:-

(i) the chemistry and thermodynamics of carbon in sodium

(ii) the analysis and monitoring of carbon in sodium

(iii) the behaviour of carbon in sodium circuits

(iv) the implications of the above in LMFBRs

The technical parts of the meeting were divided into five major sessions.

Statements by the participants, normally supported by papers, was followed

by general discussion. A final meeting was held on November 30 1979 to

discuss the resulting summaries and conclusions which were agreed upon by

the delegates.

The meeting agenda, list of participants and technical papers presented

at the meeting are reproduced elsewhere in this document.

2.1. Chemistry and Thermodynamics of Carbon in Sodium

Papers were presented covering solubility measurements, solute species,

interactions of carbon with calcium and oxygen; together with papers on the

reactions of sodium with oils and paraffin.

Measurements of carbon solubility in sodum have been made over a temperature

range of 500-800 C at unit activity with respect to graphtie. It was noted

that solubility may be dependent on the nature of the carbon source, as may the

species present in solution. Evidence was presented which indicated that

the predominant species at high activities (>0.1) is dimeric, but that

monomeric species may be present, particularly at low activity. Other work,

however, conflicted with this observation and suggested that the monomer may

be dominant. Further work is requried to resolve these conflicts, particularly

on the relationship between carbon activity and concentration, and especially

at the lower tenperature. Direct measurement of carbon activity and the carbon

species present in sodium solutions would be of value.

The need for further work on the effect of both metallic and non-metallic

species on carbon potential was highlighted by work presented on Ca-C and

Na-Na C0_-Nao0-C interactions in liquid sodium.

It was agreed that a carburizing situation would arise from oil ingress

into a fast reactor, the extent of the carburizing potential being.dependent

upon the quantity Of oil and the time contamination was allowed to continue.

Oil/sodium



interactions are being studied in many countries. Reaction starts between

200-240°C, the rate becoming rapid above 350°C. The main gaseous products

are-hydrogen and methane. Under currently-explored experimental conditions

only a few percent of the carbon which enters the sodium as oil is converted

to methane, the bulk appearing mainly as a mixture of carbonaceous solids.

At low temperatures reaction rates are such that the leaked oil may be

physically transported appreciable distances in sodium circuits before

significant reaction occurs. Measurements of the methane in the cover gas

is probably the best indicator of an oil leak at the present time, unless

the temperature is below 300 C in which case oil leaks are perhaps better

detected by hydrocarbon vapour.

There was some discussion on the effectiveness of cold-traps in removing

the carbon products of sodium/oil reaction. These products occur mainly

as insoluble materials, and it was concluded that these would probably be removed

in time, in the cold-trap. It was agreed that although cold-traps were not

very effective in influence carbon levels, in oil cases-5.n some instances, they

may have an indirect effect through changes in the levels of other impurities

(such as hydride and oxide) interfering with carbon levels.

2.2. Analysis and Monitoring

The papers presented in this session concentrated on the use of carbon meters

and tabs in the monitoring of carbon in sodium, because conventional analytical

techniques will not distinguish between reactive and non-reactive carbon.

However, attention was drawn to the need to use chemical analysis techniques

in the identification of various carbon species that may be present in sodium.

It was noted that the total carbon measured in comparable sodium throughout

the world ranged from about lppm-30ppm, but the point was made that this may not be

a real difference hut due to variations in carbon analytical techniques and <j

their application:

Papers were presented on both diffusional and electrochemical types of carbon

meter. Diffusion carbon meters were described which used various methods

to remove carbon from the iron membrane. Thus decarburization using
or

moist argon hydrogen inert gas sweep/vacuum extraction to remove CO /CO
2

produced from pre-oxidised inner surfaces, were described.

Diffusional meters have been used in the temperature range 500°C to 750 C

-4
and activities have been measured in the range 10 - 0.5. In some cases

the meters have been automated. The meters have been calibrated using either

Fe-8Ni, Ni or Fe-Mn tabs.

Electrochemical carbon meters have primarily been applied in small scale apparatus

with only limited application in loops and reactor. The meters have been

calibrated in the activity range l-10~ using C0/C0o mixtures for a < l and

2 c

graphite for a.^ = l.and 4ge<} in the temperature range 520-700°C. It was

emphasised that past difficulties in the use of these meters could be avoided

by rigorous control of moisture and air in the meter electrolyte and

cover gas.

Continuing development of meters is intended with further calibrations and

extension in the case of electrochemical meters to lower operating temperatures.

Work was described on the use of a variety of tab materials to measure carbon

activities in liquid sodium. Materials used included, Ni, 304 SS,

316 SS, Fe-20Mn and Fe-8%Ni. The Ni and Fe-Ni have been calibrated in gas

mixtures whereas the Fe-Mn tabs have been calibrated indirectly in sodium. It

was noted that in the case of stainless steel tabs the material was readily

carburised but resistant to subsequent decarburization (which depended to some



extent on its previous carbon history). This may impose restrictions on its use

as a carbon activity monitor.

Work was described on the de-manganisation of Fe-20Mn tabs in liquid sodium

at 550 C and 750 C which concluded that de-manganisation over the normal

exposure period of the tabs did not affect its use as a carbon monitor.

Fe-Mn tabs were most popular, in partiuclar Fe-?0Mn which was considered more

favourable than Fe-12Mn for lower temperature measuremnts because it was

completely austentic at lower temperatures. It was noted that extrapolations

of carbon activity/concentration relationships for all tab materials from high

to low temperature may not be valid and this may affect interpreted activity

measurements at lower temperatures. The use of nickel as a tab was

complicated by the fact that after equilibration in sodium low carbon levels

in thetab had to be measured by special techniques.

Not all were agreed that carbon needed to be measured in power reactors

by either tabs or carbon meters, a view being expressed that long term (years)

monitoring of
/pick up -by structual materials would be adequate. It was suggested that oil

leaks could be monitored by measuring methane levels and ingresses of carbon from

other sources e.g. breached control rods, inferred from other measurements.

Subsequent clean-up after an oil leak could be monitored using tabs, but

this would be considered a special case. It was pointed out, however, that

it has to be assumed that sufficient methane will be present to be detected

in the case of small leaks bearing in mind also that at low temperatures

methane is not formed.

The continued development of meters and tabs was identifed as still being necessary

to perform controlled experiments irrespective of the conflicting views on

the need for their use in an LMFBR, and further work was required on correlations 0
0

between carbon activity and concentration both in tab materials and sodium.

2.3. Behaviour of Carbon in Sodium Circuits

Carbon transfer rates between 2} Cr 1 Mo steel and austenitic stainless

steels were shown to depend on heat treatment/>peratin:g temperature and ageing-

in-service of the ferritic steel. Rate constant data being accumulated on the

decarburization of 2j Cr 1 Mo and carburization of stainless steel should

be related to these parameters. Carburization levels have been shown

to be low (0.1 wt% surface maximum) in tests in France representative of the

-2 o
Phenix secondary circuits (a = 7 x 10 at a sodium temperature of 550 C

c

using Fe-Mn tabs). On the other hand decarburization of the ferritic

steel has been shown to be dependent on maximum temperature.

Experience of fuel clad carburization was presented from DFR. This system

was highly carburizing, the carbon source being present for over 10 years.

Surface carbon levels upto 1 wt% were measured and an estimate of the carbon

-2 o
activity of about 10 (at a sodium temperature of 550 C) was made from the

results, using the assumption that the carbon activity/temperature relationship

is the same for NaK and sodium. The discrepancy between this information and the

data from the French loop experiments was noted.

Models have been developed for computing carburization in sodium systems.

These have only been demonstrated to give reasonable ageement with measured

data at temperatures greater than 500°C. An effective diffusion co-efficient

derived from carburization measurements in sodium must be used in these

calculations.



At all temperatures above about 540 C decarburization of steels has been predicted

at carbon levels expected in reactors under normal operating conditions.

The impact will be most noticeable in the 600-700 C range. As decarburization

proceeds sigma phases may form but this need not be harmful provided care

is taken in alloy selection. Carburization is considered to occur only in the

presence of a carbon source from a carbon transport mechanism in the circuit or

from ingress of carbon. Carburization of steels below 600 C may result in some

grain boundary weakening.

deposition of particles on carbon monitoring devices must always be borne i

in mind.

General experience to date with fast reactors is that no major problem

has arisen due to carbon changes in steels under normal operating conditions.

In some cases significant carbon pick-ups have been observed, but only under

identified fault conditions.

2.4. Implication in LMFBRs

Experimental work on carbon movements in austenitic stainless steels is proceding

in a number of laboratories. In some the relationship between carbon activity

in sodium and carbon content in austenitic steels is being established as well

as the effective diffusion co-efficient for carbon in the steels. There is

some evidence that the diffusion co-efficient is dependent on time. Carbon

meters are being used in these studies which also cover measurements of

thermally-induced decreases in the carbon activity of 2j Cr 1 Mo steels.

Experience was related from a 5 tonne sodium rig that had been contaminated

with silicone oil. There were no carbonaceous deposits in the test section

but on subsequent running the system was found to be carburizing. Operation

has continued over a 2 year period with surface carbon levels upto 1 wt% in

the steel.

A general discussion took place on the implications of the work discussed

in previous sessions on the operation of LMFBRs. There was not a great

deal of experimental data available relating carbon activity in sodium to

carbon changes in steels under reactor conditions, and that presented was

largely inferential and frequently conflicting. It was agreed that this

is a topic on which acquisition of experimental data at relevant reactor

conditibns (especially of temperature) should be encouraged. Furthermore

some method was required of cross-correlating activity measurements and

carbon levels in materials so that data may be compared not only from

laboratory to reactor but also from reactor to reactor. If this is to

be achieved there is a need for accurate methods of measuring surface

carbon concentrations in well-characterised steels under equilibrium conditons

at low carbon activities.

The behaviour of carbon particle suspensions has been studied experimentally

and calculations have been made on their hydrodynamic behaviour. The

results reported demonstrated the importance of kinetic factors in carburization

in sodium systems. The point was made generally, that the effects of possible

The distinction between carbon behaviour in primary and secondary circuits

was noted. Some discussion took place on the influence of the nature

of the steel surface on carbon pick-up and it was agreed that deposition

on the surface, changes in the surface structure of the material and formation



of surface corrosion layers could all affect this. The detailed discussion

in this session highlighted the need for further work in the whole area.

Carbon ingress by means of oil in-leakage or contamination with sodium

carbonate was discussed. Carbonate contamination was considered to be a,

lesser problem. In the event of a large oil leak it was agreed that the

reactor would probably have to be initially down rated and, in a general

discussion which followed on carbon clean-up in sodium circuits, it was agreed

that cold-trapping represented a means of removing carbon from the circuit

(see also session 1).but that this would be very inefficient at the

lower carbon levels. Experiments are under way to asses effects of cold-traps

further. It was suggested that various hot trapping techniques could be used

e.g. using austenitic stainless steels at temperatures greater than that in

the circuit, but that, in general, these may only be required in special

cases. It was noted that the core itself would act as a hot-trap and significant

quantities of carbon may be removed with the fuel. There was, however, no

pre-planned method at the moment for clean-up after such an incident. It was

felt that when running routinely good "housekeeping" would keep carbon levels low.

3. RECOMMENDATIONS

It was agreed that this Specialist Meeting on "Carbon in Sodium" had

proved valuable, particularly in highlighting topics on which futher effort is

required; these are identified throughout the summary report. It was

recommended that a further meeting on the topic should be held

in about 3-4 years, by which time substantial additional data should

be available from the R & D programmes at operating reactors in the

represented countries.
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Thursday 29 November
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1230 LUNCH

Afternoon Free

Friday 30 November
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CARBON SOLUBILITY AND SOLUTE SPECIES
IN LIQUID SODIUM

R. THOMPSON
AERE, Harwell, Oxon,
United Kingdom

INTRODUCTION

1. For a thorough understanding of carbon benaviour in sodium systems it is

necessary to have some fundamental knoAiedge oi the solution chemistry and thermody-

namics of carbon in liquid sodium. Basic to this knowledge are, the saturated

solubility of carbon and its change with temperature, the nature of the

solute species, the chemciai potential ^a'-Mvity) concent, ration relationship

and any interactions with other solutes in sodium.

2. This paper reviews the Jala avallsl'lf in 'H;* areas mentioned above.

SOLUBILITY DETERMINATIONS

3. Three seth oi workers have studied" directly the .solubility of carbon in sodium.

A fourth »earn have indirectly estimated it from therjnodynamic studies of

sodium duarbidv, Na^C 1'he data obtained art shown in Fig 1, The temperature

relanonships for solubility fS ), quoted by the authors from their results, in

ug carbon per g sodium Cppm) , are-.

(i) log S = 7.20 - 5465/T.K. range 50u-950°C. Thorley & Longson, ref (1)

(ii) log S = 7.646 - 5970/1.K. range 500-M&ll°C Long et al, ref (2)

(iii) log S = 6.5U - 5-150/1 .K. rangi.- 7UU-1015 C. Gehri D.C., ref (3)

(iv) log S = 6.71 - 5679/T.K. ranm 350-513 C. Johnson G.K. et al ref (4)

(i) to (iii) were, direct determinations f)v) u-as derivud from thermodynamic studies.

4. Thorley & Longson, (i) above, obtained their it-suits by equilibrating sodium in

sealed nickel cans with carbon sources on the outside of the can. Carbon was

transferred throughout the system, at different temperatures by diffusing through

the can walls. The carbon conditions in the sodium in the inner can were monitored

by nickel foils that were analysed for carbon after each run and the carbon

activity estimated from the saturated solubility of carbon in nickel. Various

ao-jices of carbon were used including CO/CO mixtures and carburized Iron or g

graphite immersed in sodium. Sampling of the sodium was achieved by including an

alumina crucible inside the can and, after holding at temperature the can

and source were cooled to room temperature and the alumina crucible extracted. The

carbon in sodium was measured by vacuum distilling off excess sodium and

then igniting the alumina crucible in a standard carbon analysing combustion,

apparatus,and measuring the CO produced. The results are scattered, e.g. 65-200 ppm

at 800 C and 20 - 100 ppm at 700 C, nonetheless a lot of data was produced and shows

a definite effect of temperature. Equation (i) is the least squares fit of the data*

In their experiments they assumed carbon dissolved monoatomically and extrapolated some

of their results to unit activity using Henry's law.

5. Long et al, and Gehri (ii & iii) again used an enclosed capsule technique;

Long used a C tracer method in which the carbon source was the nickel
14

can that held the sodium, carburized with C to a level just below the saturated

solubility for the proposed equilibration temperature. The welded can was sampled by

puncturing at temperature in an argon filled silica jacket and catching the solution

in a silica crucible. The carbon was measured by adding a known amount of sodium

carbonate carrier and igniting the whole sodium sample in a ailica boat. The

total CO. evolved was measured manometrically and a known proportion of it was

14,.counted for C so that the amount of carbon in the sodium could be derived. The

solubility for unit activity was calculated assuming Henry's law was obeyed up to

saturation and the solute species was dimeric. The results are less scattered

than those of Thorley and cover a lower temperature range. The two determinations,

are in good agreement.

O

O

6. The experiments reported by Gehri used an enclosed double capsule. The sodium j

was contained in the lower half made from nickel, carburized up to saturation for

the temperature of the solubility determination. Sampling was done by

inverting the capsule, at temperature, and allowing the sodium to run into the other

half of the crucible made of copper. Analysis was accomplished by cutting off a

measured length of the copper end, containing the sodium sample, and combusting the

whole and measuring CO evolved as in the other work.
&

7. Johnson et al (iv), determined the thermodynamic properties of Na C , and using

some unpublished data of Ackermann, Allen and Cafasso for the solubility of

Na_Co in sodium from 351 - 513°C derived their equation for the solubility of graphite



8. The solubility of sodium dicarbide, N a 2
c
2'

 i n s°dium was quoted as:-

log S(ppm carbon by wt) = 5.794 - 4289/T.K.

8. The solubility of sodium dicarbide, Na_Co, in sodium was quoted as:-

log S(ppm carbon by wt) = 5.794 - 4289/T.K.

Johnson et al quote a factor 2 uncertainty in the solubility calculated from

their equation.

9. There has been published a fifth solubility measurement using the

electrochemical cell:-

graphite (C) NaoC0, Li CO, Fe (C) Na (C)
| 2 J -̂  3 I

EMF measurements were taken from 575 to 700 C. Assuming carbnn to dissolve

in sodium as a mono-atomic species, the following solubility relationship was

derived:-

log So= 3.70 - 2440/T.K.

This expression gives very much lower values of the saturation concentration

than any of the other determinations

SOLUTE SPECIES

10, As already seen above, a knowledge of the solute species is important for the

dei vation of saturated solubilities by some of the techniques used

to determine solubility. The atomicity of the solute species must be known if

chemical activities are to be calculated from saturated solution data.

11. For dilute solutions obeying Henry's Law, the activity of a monomic species is

related to the saturated solution concentration by:-

Johnson et al quote a factor 2 uncertainty in the solubility calculated from

their equation.

(5)
9. There has been published a fifth solubility measurement using the

electrochemical cell:-

graphite (C) Fe (C) Na (C)

EMF measurements were taken from 575 to 700 C. Assuming carbon to dissolve

in sodium as a mono-atomic species, the following solubility relationship was

derived:-

log So= 3.70 - 2440/T.K.

This expression gives very much lower values of the saturation concentration

than any of the other determinations.

SOLUTE SPECIES

10. As already seen above, a knowledge of the solute species is important for the

derivation of saturated solubilities by some of the techniques used

to determine solubility. The atomicity of the solute species must be known if

chemical activities are to be calculated from saturated solution data.

11. For dilute solutions obeying Henry's Law, the activity of a monomic species is

related to the saturated solution concentration by:-

• d )
.(1)

and for dimeric species:-

.(2)

and for dimeric species:-

.(2)

where x is the solute concentration and x is the saturated solution concentration
i c

(see Appendix).

where x. is the solute concentration and x is the saturated solution concentration
i c

(see Appendix).



EXPERIMENTAL DETERMINATIONS

12. Both Long and Thorley measured carbon concentration in sodium, S , below unit

activity with respect to graphite, and the corresponding concentration,

C at equilibrium in nickel. By assuming Henrian behaviour of carbon in
(6)

nickel and using published data on carbon solubility in nickel , both

sets of workers attempted to elucidate the solute species by taking the ratio

of the carbon found in nickel and. the saturated solution concentration at each

temperature, i.e. C : ̂ c
Nii

 a m l applying equations (1) and (2) to their results.

Thus, Thorley and Longson plotted activity, as given by C : C , directly

against concentration of carbon in sodium. From the results they concluded

a straight line relationship between carbon activity and concentration at

all the temperatures examined; that is equation (1), and therefore a mono-atomic

species. Their results were, as mentioned above, scattered.

13. . Long et al applied a more sensitive technique to their data, and plotted the

ratio S : a against a. (S : C against C in fact.) If equation (1)

applied, then the data would have plotted along a line parallel to the

asymtotic axis, whereas if (2) applied the data would have given a straight line

through the origin. The data uuequivocably gives a line as expected from

(2), but with some suggestions that it does not quite go through the

origin but a small way up the ordinate axis. Nonetheless, the data strongly supports

C as the predominant solute species at carbon activities between 0.2 and 1.

14...From the solubility of sodium dloarbide in sodium and the thermodynaraic data

obtained for this compound, Johnson et al calculated the solubility of graphite

in sodium. Only by assuming that carbon dissolved as C could they obtain

agreement with measured solubilities reported by other workers.

15. Further experiirontal work at Harwell has been carried out to examine specifically

the change of carbon activity with temperature. The experiments were performed using

small thermal-syphon loops made from stainless steel. A schematic diagram

of the system is given in Fig 2. The carbon source used was a carburized

iron foil 0.25mm thick. The amount of foil used was calculated to give a

surface area large enough to be able to supply carbon to the system faster than

the pipe work of loop could take it up; thus establishing a constant carbon

concentration in the sodium.

The temperature of the isothermal cold section , containing the carbon source (

foil, was also monitored in a similar way by three thermocouples along its

length. The loops were run with a bottom temperature of 450 C, the source

temperature, and a maximum temperature at* the top of the hot leg of ~700 C.

After filling the loops with sodium they were sealed under a reduced pressure of

argon. In the first hour of running,a stable temperature profile was established,

with the temperature rising linearly up the hot leg from 450 to 700 C. The loops

were run for 30 days during which time the temperature distribution round the

system remained steady.

17. Two loops were run. After removing the sodium the stringers, holding the

nickel foils, were removed by cutting up the loop pipe work. The first loop

only contained nickel foils in the hot-leg. The foils were of different

thickness according to the temperature to which they were subjected. Thin

foils were used at the colder temperatures (which were expected to be exposed to carbon

activities upto unity), so that the nickel could come into equilibrium,

all the way through, with the carbon activity in the sodium. The foils were analysed

for carbon content by a standard combustion and CO manometric method, and
(8)

by a -y-photon activation technique .

18. All the results are presented in Fig 3, plotted as the ratio of the carbon

concentration found in the foil; to the saturation solution concentration
o

of carbon in nickel, C • C ; against the reciprocal of the absolute

temperature at which the foil was exposed.

THEORETICAL ESTIMATLS

19. Models have been used to calculate the entropy and enthalpy of solution of non-metalsi
(9 io)

liquid alkali metals . Both have treated carbon in sodium. The model in

reference 9, assumes the non-metal to dissolve as a stable anion, and calculates

a Salvation enthalpy on this basis. These were compared with the empirically derived

enthalpy using solubility data. Good agreement was obtained between-calculated

values and experimental values of solvation for almost all non-metal dissolving

in liquid alkali metals, for which data was avaliable. Only by taking carbon
2-

dissolved in sodium as C (the acetylide or dicarbide ion) could satisfactory
2

agreement be obtained between the model solvation enthalpy and the experimental
solvation enthalpy.

16. The carbon activity was monitored by nickel foils spaced up the hot-leg

and down the cold-leg of the loop. The temperature was measured by

thermocouples, spot welded to the outside of the loop, opposite the nickel foils.

20. The theory of Mainwood and Stoneham, reference 10, used more rigorous calcuations.

They found the dimer, C , to be more stable by about 150 KJ mol , relative

to the manomer. The favoured solvation cluster was Nao(C ).
8 2



SOLUTE INTERACTIONS

21. The effect of other solutes on the behaviour of carbon in sodium has been

studied. Thorley and Longson found no significant difference in

carbon levels in sodium containing 100 or 400 ppm of oxygen from tests carried out at

700 and 800 C. Long et al, in agreement with their thermodynamic assessment,
o

found oxygen content only had an effect at temperatures above 700 C and only

when the concentration was near to saturation levels. The apparent carbon

solubility was enhanced and the increase was found to be due to carbonate

formation. It was predicted that Na CO should be stable under these conditions

and the solubilities measured were close to extrapolated values for Na CO
(11)solubility found by other workers

o
22. Long et al found that at 700 C, under a nitrogen over-pressure of 1 atm

or more, there was a dramatic increase in the total carbon content in the

sodium, with levels up to an order of magnitude greater than those found

with argon over-pressure. Chemical analvsis confirmed the Dresence nf CN in

the sodium wihich was in agreement with their thermodvnamic uredictions o f the

stability of NaCN in sodium at near saturated levels of carbon.

23. The solubility may be modified by other dissolved impurities that are strong

.carbide formers e.g. Ca, Br, Sr and Li, if present at relatively high concentration.

DISCUSSION

24. The solubility determinations,(i)lo(iii)abovu, all used carbon dissolved

in nickel as the reference phase In (i) and (ii) carbon at less than saturation

was used. Since these results were published, another assessment of carbon

dissolved in nickel has been made < 1 2 ). This gives a slightly lower value of

so]-J>ility, and the two results need to be adjusted to these more reliable nickel

figures.

Equation (i) and (ii) become respectively:-

and

log S = 7.215 - 5586/T

log S = 7.672 - 6212/T
o

.(3)

.(4)

Since Gehri, (iii), used nickel saturated with carbon the correction is only

very small.

25. The electrochemical determination by Salzano and Newman, as mentioned give much

lower results than the other determinations. The terms in their expression are

almost half those from the other work, and since they made a basic assumption that

carbon exists as a monomer in solution, it is tempting to think that this is the

reason why the expression is so near half the others. Unfortunately, from their

published paper it is not possible to reassess their data using C o as the solute

species.

26. Before a definite statement or assessment can be made as to the true carbon

solubility in sodium, it is first necessary to be sure of the solute species,

particularly when assessing the results of (i) and (ii). The available

evidence, both experimental and theoretical, points strongly to the dimer,

C , as the predominant species at high carbon activites, near to unity. The data

from (i) need to be adjusted to take account of this. (In the original C^ was

assumed for extrapolation to unit carbon activity.) When this is done, it

increases the spread of the results but does not seriously alter the concentration-

temperature relationship derived in the original publication.

27. The best expression for the solubiliLy of carbon ir. sodium is an average of

the expressions from (i) and (ii), corrected as in equations (3) and (4) above,

and (iii). This gives, for the temperature range 500-980°C:-

log S = 7.449 - 5858/T.K. .(5)

28. Returning to the question of solute species and also considering the change of

activity with temperature, if the dimer is the only species, then combining equation

(5) with equation (2) gives the change of activity with temperature as:-

log a = (log S. - 7,449 + 5858/T.K.) .(6)

29. However, the results from the loop studies do suggest that some C species

may exist together with the dimer. Even the data presented by Long et al, does

not preclude the existence of some C , since many of their data might be better

plotted so that the lines (S /a against a) passed, not through the origin, but

a little way up the ordinate axis.

30. A mixed solution of dimer and monomer, if both species obey Henry's Law, can

be represented by:-

SN. = V .(7)



So that a plot of S/a against a,will give a straight line passing through the

ordinate at k . The ratio of the dimer to manomer concentration being k : k .

31. If k : k is given a value n, then from equation 7, the activity of carbon can be

expressed in terms of concentration, n and the saturated solubility, by:-

a = -1 i. + 4n(+ 1) S/So 2n .(8)

34. There is strong evidence, both experimental and theoretical, that carbon exists
2-

in solution as a dimer (C ), possibly as the dicarbide ion C . This may only

be true at concentrations close to saturation,. There is some evidence to suggest

that a small C component may bo in equilibrium with C ., The C component may
1 2 1

become larger in low activity solutions (a < 0.1) and at higher temperatures.

This needs investigating since carbon transport in sodium systems, usually takes

place at low carbon activities.
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(see appendix). In Fig 3 is given the carbon activity change calculated from

equation 8 with reciprocal temperature, for a sodium solution saturated at 500 C.

The curves represent the dimer, n = <x>; and the monomer, n = 0 , with various

ratios between. The results indicate a possible mixed solution with a dimer

to monomer ratio between 8 and 10. The only temperature depend term in (8)

is assumed to be S as given by equation 5.

35. The solubility and activity of carbon may be modified by other solutes; notably

nitrogen and oxygen at high concentrations, and for oxygen, at temperatures
o

above 700 C. Metallic solutes such as Li, Ca, 8a and Sr may also have an effect;

again, if they are present at relatively high concentrations, >0.1wt%.

32. The results from the two loops are in good agreement. In loop 2 carbon contents of

the nickel foils from the cold-leg tie in with those from the hot-leg. This

gives confidence that the systems maintained constant carbon concentration around the

circuit and the activity change was reversible with temperature. From the second

loop, foil analysis by y-photon activation gave lower carbon levels than

combustion analysis, particularly at low temperatures. The reasons for this

may have arisen because of the post-irradiation etching of the foils used in the

Y-activation analysis. It was suspected that the surface of the nickel foils

had high carbon"levels due"to surface contamination of iron and chromium from

the loop pipe work. At the lower temperatures of the loop, the nickel foils

may not have reached saturation concentrations of carbon all the way to the

centre, so that removing the outer surface of these thinner foils would give

a low result.

CONCLUSIONS

33. There are a number of good experimental determinations of carbon solubility

in sodium. The actual solubility may best be expressed as an average between

three of the most reliable sets of data. The average equation is:-

log S = 7.44a - 5858/T.K.
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APPENDIX

SOLUTE ACTIVITIES IN DILUTE SOLUTIONS

(II) Now consider the equilibrium:-

2C (A)

11

(B)

By definition the activity a. of a solute i, in solution, is related to its

concentration in mole fraction, x. by:-

= Yi .(1)

In dilute solutions, if 7 is constant over a range of concentrations, say

x = 0 to x = x. , the solution obeys Henry's Law such that:-
n

.(2)

As before

and again from (2):-

K2 =

(A)

xc ( B ) / ac

k2 xc

The way (2) is applied will depend on the proper choice of solute speciest-

consider ( I) a substance, say carbon, dissolving from one homogeneous phase A,

into another homogeneous phase B, The equilibrium will be:-

C (B)

If Henry's Law applies for the solute from zero upto saturated solution

concentrations, and the activity of the solute is referred to the pure solute,

the saturated solution is at unity activity. If x represents the

saturated solution concentration, from (3) :-

1 / xc

.(6)

and the equilibrium constant:- For dimeric solutes, from (4):-

K = ac (B)/ac (A)

Applying equation (2) gives:- (iii) For solutions containing both monomer and dimer solute species of the

same substance. If the total concentration in solution is S (in say, pg/g}

then:-

K = qxc <B)/ac (A) S = .(8)

= (q/K) (B) = .(3)

Since at equilibrium, a^ (A) = &^ (B), (3) gives the relationship for the activity

of c and its concentration dissolved in phase B, if dissolved monomerically.

where S and S are the concentration of monomer & dimer, respectively.

Expressing (8) in. terms of activities:-



solving (9> giv;s:-
12

.(10)

At saturat ion:-

S = k., + k
o 1 2

If the ratio, k : k = n, is constant, expressing k & k in terms of S and

n in (10) gives:-

1000

100

So
ppm

10

10

0-1

-1 iy 1! + 4n (n + 1) S/s/2n

Average Log So {ppm) = 7-45 -5858/T.K.
Line

.(11)
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REACTIONS BETWEEN SODIUM AND VARIOUS
CARBON BEARING COMPOUNDS

A.C. RAINE, A.W. THORLEY
UKAEA, Risley, Warrington, Cheshire,
United Kingdom

1. INTRODUCTION

The presence of carbon bearing materials in liquid sodium is undesirable
because of their ability to carburise stainless steel components. It
has been demonstrated for example that carbon taken up by stainless
steels can affect their mechanical properties and that thinner sectioned
material such as fuel cladding and the tubing of intermediate heat
exchanger may be more sensitive to such effects. (SEE REP 1)

Generally speaking, there are a number of potential carbon sources in
reactor systems. Some of the sources such as the graphite in neutron
shield rods, boron carbide in control rods and carbide fuels are part of
the reactor designs while others such as oil in mechanical pumps and
•coupling-fluids' used to inspect plant components are associated with the
respective operation and inspection of the plant. <

In this paper it is intended to discuss in general terms the way these
various compounds behave in liquid sodium and to assess what effect their
presence will have on the materials of construction in fast reactor
systems. The paper also reviews the chemistry of the environment in
relation to the types of carburising species which may exist in sodium
systems.

2. CftRBON IN AS-RECEIVED SODIUM - SODIUM MANUFACTURE

Commercial sodium is manufactured by the Down's process, in which fused
sodium chloride is electrolysed, using graphite electrodes. As a result
of erosion and to a lesser extent dissolution of the graphite, carbon
contamination of the sodium is inevitable. Figures of 30ppm carbon in
as-received sodium are quoted in the Liquid Metals Handbook. The experi-
ence at RNL suggests that settlement in a dump tank followed by filtration
through a stainless steel sinter, with a pore size of 5-10 ym, will reduce
the level to 1-2 ppm carbon in loop sodium. Providing that this procedure
Is followed .in PFR and contamination from other carbon sources in the
reactor is avoided the resulting conditions should be satisfactory.

3. REACTIONS BETWEEN SODIUM AND GRAPHITE

According to Guernsey and Sherman writing in 1925(2) sodium vapour will
react with carbon at 80O-90O°C yielding a carbide Na C . If this compound
exists it would presumably be an ionic carbide similar to calcium carbide
but no further substantiating evidence is available.

A number of investigations have found that lamellar compounds are formed
by the reaction of the heavy alkali metals, potassium, rubidium and caesium
with graphite, but there have been doubts about whether lithium and sodium
can do so. Dzurus et al(3) on the basis of calculated energies of formation
have indicated that neither of these elements should form concentrated
lamellar compounds with graphite. Similar considerations for dilute
lamellar compounds show that a compound of concentration stage 5 or 6
should be stable. (The concentration stage is defined as the ratio of
carbon layers to reactant layers.) Asher and Wilson (4) have prepared a
compound containing one sodium atom in approximately sixty-four carbon
atoms, which X-ray analysis indicates is an eighth stage compound.
Dzurus et al(3)were unable to prepare this compound by reaction between
ultra pure sodium and graphite, and were only able to make a similar
(but not identical) compound in the presence of contaminants such as water,
hydrogen or oxygen. It is not clear whether these impurities act merely as
catalysts, or actually enter into ternary compound formations.

Asher has reached the following conclusions on the compatibility of
sodium and graphite. Initially where sodium is brought into contact with
graphite between 200°C and 300°C, the receding contact angle is greater than
90°. The sodium and graphite (and oxygen?) react when in contact, with a
speed depending on the temperature, and there is a slow diffusion of
the sodium along with interlayer gaps into the graphite lattice. The
interaction will result in a local decrease in contact angle leading to
progressive penetration of the pores, and this brings about chemical
interaction within the body of the material. This interaction is
accompanied by dilation, and since the penetration is non uniform, it gives
rise to stress and possible disruption.

Ad hoc experiments have been carried out at RNL in order to try and get a
rough idea of what factors are involved in the behaviour of carbon in sodium
loops. In the first experiment, spectrographically pure graphite rods
were exposed to sodium at 600 C in a stainless steel dispenser (5 U pore
size) for three days. Sampling of the sodium after this period indicated no
increment of carbon level in the sodium which remained at about 1 ppm.
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Direct additions of graphite particles and of carbon black (particle size
0.05 microns) have also been made on to the comparatively static sodium
surface in the specimen well of the loops. The carbon black disappeared
quite rapidly at 400 c, while the graphite particles remained on the
surface of the liquid metal for 5 hours at this temperature without disap-
pearing. The temperature was then raised to 6O0°C for a period of 24
hours after which all the graphite had disappeared.

Subsequent analysis of the sodium showed a level of about 30 ppm carbon in the
carbon black case and about 2 ppm in the graphite case. After a further
24 hours the carbon levels, by analysis, were VLppm.

In general, it has been found that raising the cold trap temperature
produces a burst of carbon in the circuit, but that the level falls to
the 1 ppm level in a matter of hours.

This suggests that we are not dealing primarily with a temperature dependent
solubility process, but that oxide in the cold trap is acting as a

o
ro
o
o
CD
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mechanical trap for particles of carbon less than 5 microns in diameter,
and that when the temperature is raised and oxide dissolves, carbon is
released into the circuit.

4. SOLUBILITY OP CARBON IN SODIUM

Earlier attempts at measuring the solubility of carbon in sodium as a
function of temperature were made by Gratton'6) He claims to have
measured the solubility of carbon in the temperature range 147 c to
7oO°C, at two fixed oxygen levels of 0.004% and 0.026%.

This was determined by introducing a stick of spectroscopically pure
carbon into a sodium filled vessel, sampling the sodium at various tempera-
ture levels through a 5y filter, and then analysing for carbon by the
method of Pepkovitz and Porter"' .

Very little credence can be given to the work for at least two reasons:
first, the explicit assumption was made that all carbon which passed
through a 5y filter was soluble. Second, as the sodium was filtered at
difference temperatures, the oxygen content of the sodium could not have
been constant as suggested.

It does however, appear from Gratton's work that the quantity of carbon
passing through a $\l filter, whether it is in solution or not, increases
with increasing temperature.

In recent years, three determinations of carbon solubility, plus an
estimate derived from low temperature measurements using Na2C2 and thermo-
chemical data for Na2C2 , have been carried out. While differing in the
absolute value of carbon solubility these determinations agree well in
the derived heat of solutions, with values of 105, 105, 114 and 110 kJ.g-
atom~l for the data of Longson and Thorley, Gehri, Ainsley et al and
Johnson et al respectively'8/ 9/ 1° & ID These solubility data are
plotted in Fig 1.

5. OIL AS A SOURCE OF CARBON IN SODIUM

The use of mechanically driven sodium pumps in fast reactor systems, provides
a route whereby lubricating oil may enter the coolant. The drive shafts are
fitted with oil seals and catch-pots are provided to deal with normal oil
seepages, but in the eventof an oil seal failure it could be possible for oil
to overflow from the catch-pots into the sodium.

Oil entering the reactor sodium, does so, by running down the pump drive
shaft into the sodium at 4OO°-43O°C. When dispersed throughout the total
sodium inventory, the amount of carbon entering the reactor due to oil
seepage, is relatively small. However, during fault conditions, there are
likely to be very high localised concentrations of carbon which could give
rise to local carburisation effects. The time during which these local
concentrations will exist, is a function of the rate at which the reactor
cold trap can remove the contamination. For example, there are 1000
tonnes of sodium in the primary circuit of PFR and the minimum theoretical
time for all of this to pass once through the cold trap is approximately

42 hours. If it is assumed that the cold trap is 30% efficient, the minimum
clean-up time is of the order of 140 hours. 14

Earlier studies have shown that oil in sodium is a powerful carburising agent.
Subsequent tests (SEE TABLE 1) to assess the thermal stability of oil have
shown that a greater degree of decomposition occurred when oil was heated
in air, compared with heating it in argon. The addition of sodium caused
decomposition at lower temperature and accelrated the rate of reaction.
The products were initially, a black coke-like residue (Fig 2), tar and
gasses, but at higher temperatures or longer times, the tar disappeared.
Analysis of the solid product, by X-ray and chemical analysis, showed it
to be mainly sodium hydride with some free carbon. Analysis of the off-
gases showed them to be chiefly hydrogen with 6% methane and also several
other hydrocarbons (Table 2); which agrees closely with the findings of
Hobdell at BNL^ ' . carburisation tests carried out on type 321, stainless
steel foils by heating them in contact with clean sodium and the reaction
products from other oil-sodium tests, showed that the foils contained
2.0% carbon after 21 days at 65O°C and 1.1% carbon after 28 days at 400°C
compared with a starting level of <0.1%.

In order to establish how much carbon can be taken up by the surface of stain-
less steels when oil leakages occur in the reactor system; tests have
been mounted where type 316 stainless steel foils (50 ym thick) and M316 tubing
( <\, 500 pm thick) , have been immersed in sodium-oil mixtures over the tempera-
ture range 4OO to 650 C for various periods of time.

The results from the experiments are illustrated in Figs 3 and 4. Fig 3
shows the amount of carbon picked up by the foil materials, as a function of
time, at various temperatures, while Fig 4 illustrates the effect of these
experimental parameters upon the depth of penetration of carbon into thicker
sectioned material. The depths of penetration were obtained for us, by
AERE using the nuclear microprobe analyser. (13)

The main points of interest concerning Fig 3 are:

a. The carbon content of the foils eventually reaches a limiting
concentration >\J4% at all temperatures. This figure is in line with
values obtained at RNL using nominally unit activity carbon sources

b. The times required at the lower temperatures, to reach this value
are fairly long, in terms of reactor sodium circulation times; implying that
all the available carbon from the sodium-oil reaction products may not be
taken up by the stainless steel surfaces at the lower temperatures.

One point still requiring confirmation is whether the carbon in the foils is
present *<s a concentration gradient or whether it is uniformly distributed
through the section of the steel. Although Fig 3 is plotted on a (time)^
basis, more data points are required to confirm whether the kinetics of carbon
take up in the effective 25 ym section are linear or parabolic with time.

The depth of penetration, on the other hand, seems to follow a (time)
dependancy at all temperatures (SEE FIG 4). Approximate estimates of the
effective diffusion coefficients of carbon in 316 stainless steel, derived
from these tests are detailed in Fig 5.



6. ALTERNATIVE HEAT EXCHANGER MEDIA

The current intermediate heat exchanger fluid used in LMFBRs is sodium.
Over the years, several alternatives have been considered; the reason being
to provide possible substitutes to separate the water side of the
generation cycle from the primary sodium side. Tests have therefore been
carried out at RNL on three of these alternative fluids to assess their
possible reactions with sodium and the vigour of such reactions. Two of
the tested fluids were benzene and Hexafluorobenzene and the third was
carbon dioxide, which is widely used in other reactor systems, as a heat
transfer medium

a. C,H and C.F (<v65O°C )
D O 6t)

A weighted soda-glass phial containing the fluid was sealed in a quartz
reaction vessel with a quantity of sodium. With the phial balanced on a
shelf in the reaction tube, the sodium was preheated to the test temperature
and the phial dislodged so that it fell into the hot sodium and shattered.
The procedure was carried out remotely and behind protective screens.

The reaction with both fluids was accompanied by emission of light but the
violence of the reaction was insufficient to cause rupture of the quartz
reaction vessel although it did cause crazing of the walls. The reaction
product, after the removal of metallic sodium by vacuum distillation,
was in both cases, a black powder. X-ray analysis of the benzene reaction
products revealed the presence of Na.CO, NaH, NaHC2 plus unidentified
lines. Analysis of the product for carbon showed 6.6% to be present. The
products from the hexafluorobenzene gave only unidentified lines, when
subjected to X-ray analysis. Although NaF would be expected, none was
found and possibly the unidentified lines corresponded to fluorates, which
at that time, were not in the 'index1. Chemical analysis of the residues
indicated approximately 7% carbon present.

There appeared to be little difference between the energy of the reactions
for the two substances but as a hexafluorobenzene does not produce hydrogen,
it is to be preferred because of the absence of a gaseous reaction product.

b. Carbon dioxide

As well as its use as an intermediate heat exchanger medium, carbon dioxide
could also be used as the working material for a gas turbine generating
system, providing a high enough temperature could be achieved. In this
latter role, it would replace the water side of generation while still
removing heat supplied by sodium, in the light of these possibilities,
tests have been carried out to assess the problems which would arise
following a leakage of C02 into such a sodium system, in the test, CO
was fed, via 3 nm or 6 mm diameter nozzles into sodium at temperatures
from 3OO°C to 700 C which was contained in a stainless steel heated vessel
fitted with blow off safety valves. The experiments were carried out
remotely in a blast-proof enclosure.

The experiments showed that belowo540°C, the 3 mm nozzle became blocked
within 1-2 mins whereas above 540 c the time to block was less than

60 sees. With the 6 mm diameter nozzle, the orifice blocked before the
boiling point of sodium was reached.

The reaction between sodium and CO was exothermic and above 54O°C
temperature rises of 12O-14O°C/min (in 5OOmls of sodium) were experienced.
Minor explosions occurred at the boiling point of sodium (88O°C) but it
is not known whether these were due to increasing reaction rates, or just
rapid boiling. The products of this reaction were chiefly sodium monoxide
sodium carbonate and free carbon. The carbon species were capable of
carburising a stainless steel target (3 mm x 25 mm x 25 mm) to a bulk level
of V).3% in three hours at 700°C.
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7. FLUIDS USED DURING INSPECTION AND MAINTENANCE OPERATIONS

In this category are such materials as Kerosene - used during spark erosion
machining; liquid paraffin - which may be used to protect sodium contaminated
components on removal from the reactor and various oils and greases used as
couplants for ultrasonic probe examination.

KEROSENE AND LIQUID PARAFFIN - Although these materials are used for different
purposes they are eventually heated in the presence of residual sodium.
Kerosene will be heated in an argon atmosphere and is known to distill if the
temperature is sufficiently high, whereas it is likely that liquid paraffin
will be heated under reduced pressure when contaminating sodium is removed
from components by vacuum distillation.

Capsule tests to assess the effect of heat and the presence of sodium upon
kerosene and liquid paraffin were mounted at 350 C and 45O°C. The results
are given in Table 4. Distillation behaviour of these liquids was studied
at atmospheric pressure and under reduced pressure in the absence and
presence of sodium and results are reported in Tables 5 and 6.

The main findings from these experiments were:

Both materials decompose in contact with sodium at elevated temperatures
(350 c). The reaction products are similar to those from other oils.
However, when heated in situations where distillation may occur, very
little reaction with the sodium occurs and the residues resulting from
kerosene distillation depend upon the grade of material and the atmosphere
in which the heating occurs. In reactor type environments, the residue
after distillation at 22O°C and at atmospheric pressure (argon) is
< 0.75%. With liquid paraffin the proportion which distills seems to be
very dependant upon the pressure at which distillation is carried out.
For example, when heated under high vacuum total distillation of liquid
paraffin occurs but if the pressure of the atmosphere is increasedQto
37 mms Hg pressure only 66% of the liquid will distill at 36O°-400 C.

ULTRASONIC PROBE COUPLANTS - Among the materials which can be used for this
purpose, the following have been examined at RNL:

a. Santovac 5 - a polyphenyl ether fluid usually used as a diffusion
pump fluid.

b. Silicone greases manufactured and marketed under the trade name
'Pyrogel1.



c. A proprietary 'preparation' - Krautkramer ZGM.

Santovac 5 - Tests on this material were confined to heating in argon
in a glove box at 200°, 250° and 300°C for up to 24 hours. The oil
behaved similarly to other oils giving rise to similar reaction products -
Table 7.

Pyrogels - These materials are manufactured specifically for use as ultra-
sonic probe couplants. They consist of silicone compounds and silica together
with a colouring agent which allows the various viscosity grades to be
identified. The materials were tested as for Santovac 5 but the test tempera-
ture was restricted to 250 c. The results from these investigations are
given in Table 8.

8. REACTOR CONTROL ROD MATERIALS

reactor be shut down or held below 400 C until the cold trap is able to
remove any contamination.

No major hazards have been highlighted as a result of the limited test
programme on alternative heat exchange media. The materials reacted with
sodium to yield carbon and sodium compounds.

Entrainment of kerosene, from spark erosion machining should not cause any
serious problems. Kerosene readily distills and would transfer to colder
parts of the system when heated from whence it can possibly be removed.

Liquid paraffin is of interest only as a means of controlling atmospheric
contamination of sodium covered components, but it is noteworthy that it is
readily distilled in vacuo and is unlikely to prevent the subsequent
removal of sodium by evaporation.
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Control rods for reactor systems usually contain boron carbide. Sodium
causes B4C to dissociate and high corrosion rates occur if the carbide is
exposed to flowing sodium at temperatures of the order of 650 c. For
these reasons containment of the material in reactor systems is recommended.

(15)

9. CONCLUSIONS

Carbon in commercial sodium can be reduced to 1-2 ppm by filtration and
settling. Sodium oxide on cold trap filters appears to assist carbon
removal in pumped sodium loops.

Graphite for neutron shield rods needs to be adequately contained, to
prevent the formation of compounds of the Cg4 Na type; which give rise to
stresses and may cause break-up of the graphite. Carbon in all its forms
is soluble in sodium, but graphite appears to dissolve more slowly than
some other varieties.

The solubility of carbon in sodium has been determined by several experimenters,
and it is found to be ^ 10 ppm at 650 C falling to < 1 ppm at 500 C.

Oils, of the type used in FR pumps, are decomposer* by heat and the rate is
increased by contact with sodium. The products of oil-sodium reactions are
sodium hydride, carbon, and a gas mixture consisting of hydrogen with
6% methane and 1% other hydrocarbons. Oil in sodium is a powerful carburising
agent which at 400 c is capable of carburising the outer 25 ym surface of 316
stainless steel to 0.6% carbon in the time it takes for the cold trap to
theoretically remove any contamination. Higher levels of carbon take-up and
faster rates of carburisation occur at temperatures greater than 400 C.

A study of carbon profiles in thicker sectioned tube material, has enabled
an approximate value of the effective diffusion rate for carbon in 316
stainless steel, to be calculated, over the temperature range 400-650 C.

It is considered that gross mal-operation together with complete pump oil-
seal failure would be required before the in leakage of oil would be
a serious hazard, if such a situation occurred it is recommended that the

Ultrasonic couplants of the silicone variety are resistant to decomposition
in the presence of sodium at temperatures up to 25O°C. Providing they are
used sparingly, and steps are taken to remove any excess, there should be no
cause for concern. It is recommended that couplants of the hydrocarbon type
or those containing such materials should not be used unless there is an
adequate reason for doing so.
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TABLE 1

OIL (CASTROL PEBFECTO SPECIAL X) Vs SODIUM
17

TEST

1 . Oi l heated i n a i r

2. Oi l welded up i n S/S. Cap.
tube under argon.

3. Oi l added to hot Na in
argon glove box.

4. d i t to 3.

5. Oil and Na welded up, under
argon in S/S capsules.

6. Oil and Na welded up under
argon in S/S. Capsule with
vent pipe to anal, sampling
bomb. Argon atmos was replaced
by He after welding.

7. Sodium from 4. was welded
up in a S/S capsule with
0.0015 in . S/S f o i l .

8. Sodium from 5. welded up in
S/S capsule + 0.C015 i n . f o i l .

TEMP 1
°C

400

400

200

240

400

400

400

400

400

650

400

TIME

1 h

2 days

1 h

1 h

5 days

14 days

18 days'

21 days

2 days

21 days

28 days

OBSERVATIONS

The o i l blackened forming a s t i c k y black product , but d id
not in f lame.

Oi l darkened s l i g h t l y and there was evidence o f a s l i g h t
pressure bu i l d up in the tube.

Oi l darkened in colour a f t e r 5-10 min.

Oi l began to darken a f t e r 5-10 min. A f t e r | h a black
product formed and the o i l became very dark i n co lou r . The
product f l oa ted on Na ( a f t e r washing sank i n wa te r ) . Some
of the o i l vapourised.

A s l i g h t pressure release occurred wnen the capsule was
opened. The ins ide o f the capsule was o i l y and a hard black
deposi t had formed on the sodium.

Pressure release occurred on opening. The oroduct formed
K I S b lue/b lack and f ree from o i l (as was the res t o f the
capsule) . When broken up the product contained small
p a r t i c l e s o f sodium - spontaneous combustion occurred w i t h
the smal ler fragments. The product was on- to r o f the Na
and had not been wetted by the sodium. The product was
freed from Na, washed and dr ied and sent f o r ana l ys i s . I t
contained bO-55X carbon.

As above, but the capsule was otened in an argon f i l l e d
glove box and some of the product was loaded i n t o X-ray
phia ls and subsequently a n a l y s e .

X-ray analys is showed the product to be 90S sod. hydride
and an unidentif iable constituent.

As above, but much more gas release on ooening the capsule.
The bleck product was s t i l l on top of the sodium and was not
completely wetted by the sodi^n. I t d id , however, contain
sodium rixed throughout the deposit.

The test allowed decomposition oroducts (gaseous) to be
collected and analysed by gas chromatography. The major
constituents were:

Hydrogen ». 90% •
Methane *• i%
Ethane •v U

Other hydrocarbons (sat. and unsat.) up to C4 were also
detected at levels up to IX.

The S/S f o i l was analysed for carbon pick-up.

The original f o i l contained 0 .1 " C. After treatment the
carbon level was 2.OS.

T ê S/S f o i l was analysed for C pick-up. After exposure
th,e f o i l contained.1.1% C.



TABLE 2

ANALYSIS OF GASES RELEASED FROM CASTROL PERFECTO SPECIAL X

AND SODIUM AT 400°C

GAS

Hydrogen

Oxygen

Nitrogen

Methane

Ethene

Ethylene

Acetylene

Propane

Propylene

n-butane

(CH4)

(C2 H6)
(C2 H4)

(C2 H2)

(C3 H8)

(c3 »6>
(C4 H10)

iso butane(C4 HIQ)

butylenes (C4 H8)

%

89

O.OO2

0.009

6.4

1.25

< 1

< 1

0.35

0.3

0.15

0.15

0.2

TABLE 3

BULK CARBON CONTENT OF 316 SS FOILS WHEN HEATED

WITH OIL AND SODIUM

18

TEMP °C

-

400°

450°

500°

550°

600°

650°

TIME (h)

-

16
256
1000
2000

4
16
256
1000
2000

16
256
1000
2000

2
4
16
256
1000

2
4
16
256
1000

\
2
4
16
256

CARBON CONTENT %

0.05

0.13
1.20
3.20
3.40

0.17
0.94
3.9
4.0
4.3

1.70
4.40
4.30
4.30

1.4
2.3
3.5
4.0
4.2

2.8
3.2
3.7
4.8 *
4.6 *
2.6
3.2
3.7
5.4 *
5.0 *

* High figs may be due to adhering carbon

film



TABLE 4

BEHAVIOUR OF KEROSENE AND LIQUID PARAFFIN WITH SODIUM

WHEN MELDED UP IN S/S CAPSULES AND HEATED

TABLE 5

DISTILLATION OF KEROSENE
19

MATERIAL

Kerosene 'A'
+ sodium

Kerosene 'A'
+ sodium

Liquid paraffin
+ sodium

Liquid paraffin
+ sodium

TEMP °C

350°C

45O°C

350°C

450°C

TIME

5 days

5 days

5 days

5 days

RESULTS

Slight gas release when capsule was opened and
inside surfaces were blackened and oily; smell-
ing strongly of "paraffin oil". The sodium
was present as a globule which had a thin black
crisp shell.

Gas release when cut open (more than above)
Capsule inner surfaces were black. There were
bright condensed beads of sodium near the top
of the capsule. The bulk of the sodium was in
one piece with a thick crisp black shell over
bright sodium. There was no residual kerosene
in the capsule.

Slight gas release when cut open (more than
for kerosene) and inside surfaces of S/S were
blackened. Sodium was present as crisp coated
black globule and also as droplets in black
friable' residue. The lid of the capsule was
oily.

Relatively large gas release on opening.
Inside surfaces were black with no loose
particles but some condensed beads of sodium
at the top. There was no evidence of
residual oil. One globule of sodium was bright
a second had a thick hard but brittle black
shell around it.

MATERIAL

"Odourless"
Kerosene 'A'*

(200ml sample)

Ex DNE

"Odourless"
Kerosene 'A'
+ small piece
of sodium

(200mls)

Ex DNE

'Esso Blue'
Stores issue

(200mls)

Ex Stores

Kerosene 'A'
(lOOmls)

Ex ONE

TEMP °C

190°-200°

212°-236a

252°-285°

320°

186°-242°

up to 320°

up to 220°

ATMOSPHERE

Air

n

Air

Air

Argon in
glove box

RESULTS

55% in 25 mins

37% in 11 mins
3.5% in 11 mins

No further distillation residue black
tarry s .75% of total. Remaining 3%
assumed to be oxidised.

No separate fractions resulted. Distil-
lation began at 186°C and when at 242°C
(20 mins later) 190mls = 95% had been
collected.
At 242°C white fumes were evolved, the
sample was cooled and the sodium removed.
When reheated to 238°C a further 5mls
were collected.
Distillate was colourless, residue was
tarry.

192mls collected.

Residue, tarry liquid 5 8mls.

which is higher than previous samples.

Distillation commenced * 50°C and was
complete when the temperature reached
220°C.
There were no visible residues.

Kerosene to DEF Spec 2403 Grade A



TABLE 6

DISTILLATION OF LIQUID PARAFFIN*

TABLE 7

SANTOVAC 5 FOR USE AS U/S COUPLANT IN ARGON

20

MATERIAL

Liquid Paraffin
(Hopkin & William Ltd)
(200mls)

Liquid Paraffin
+ Sodium

Liquid Paraffin
(200mls)

Liquid Paraffin
(200 mis)

TEMP °C

300°

300°

up to 320°

up to 350°C

ATMOSPHERE

Air

it

Reduced
pressure
•v» 37mm Hg

Vacuum
•vlOm to rr

RESULTS

1.5ml of distillate was obtained
after 4h. There was no evidence
of decomposition of the original
oil.

As above

Up to 260°C - no distillate.
260-280°C - 18mls distillate
pale yellow colour.

Rapid distillation occurred at
290°-300° when 50mls were
collected which was more yellow
than before. A further 54mls
were obtained between 300° and
320°C which was pale yellow (as
1st fraction).

After prolonged heating the
residue (64mls brown/yellow) did
not distill further.

Distillation began at -vl80°C
The temperature rose steadily
and 95% + had distilled
before temperature reached
300 C. The remainder except
for a small residue (M!).5mls
went over before the tempera-
ture reached 350°C.
The residue was yellow/brown
in colour.

TEMP °C

250°

300°

200°

200 + 250°

M

250°

250°

300°

TIME

24h

24h

2h

-

24h

24h

24h

DETAILS

Argon
•I

Na + oxides

it H

Na added to
hot oil

Oxides only
added to oil

Na added at
temp

RESULTS

No decomposition

" " but some vapour given
off

Slight reaction with brown film on sodium

Brown film became thicker, and formed
thick black crust round the Na globules.

Oil/Na product hard brittle and b/k
residual oil amber coloured.

Similar reaction to above, but sodium
still present after test.

^ery little reaction possibly due to small
amount of Na in oxides.

Immediate reaction.
Black tarry substance formed and some
gases evolved.

*Liquid Paraffin is a mixture of naphthalene-type compounds with some
benzene derived acids. There are no straight hydrocarbons.



TABLE 8

BEHAVIOUR OF PYROGEL* U/S COUPLANTS WITH SODIUM AT 250°C

TIME

* 2h

1 wk

1 wk

1 wk

1 wk

-

MATERIAL

Pyrogel 2
8
25
60

Pyrogel 2
(sealed in S/S
capsule)

Pyrogel 8
11 25

" 60

Krautkramer
ZGM(f)

RESULTS

)A11 gave off considerable amounts of vapour above
)23O°C. No visible reaction occurred and on cooling
)residual material had undergone slight colour change
jfrom the original pink or blue.

Colour change from blue to pale straw, some dark
particles in liquid and dark brittle coating on the
residual sodium.

Similar to Pyrogel 2

Colour change from blue to colourless. Sodium
surfaces had dark patches and a few dark particles
were in the Pyrogel.

This material was grease-like and the test sodium
had remained on top of it. The sodium was coated in
a thick dark crust. Local discolouration of the
Pyrogel occurred where in contact with Na. Remainder
was colourless and free from particles.

Material 'boiled over1 at 200°C and separated into a
hard brown part and a dark liquid. This occurred
with and without sodium.

* Pyrogels - consist of silicones and silica - the No's refer to
viscosity, eg Pyrogel 2 - 200 cps. Pyrogel 8 - 8000 cps.

t ZGM - Complex mixture of fluorides and hydrocarbons.

1000 r
1. Ainsley. loglnSppm = 7.643-5.970. AH = 114 + 6kJ g-at"1 - .no ~nr 21
2. Longson & Thorley, log Sppm = 7.20-5.483 .aH = 105 kO g-at"1

TK
3. GehH. log.nSppm 2 6.50-3.430. AH = 105 kJ g-at"1

TK
4. Oohnson. log^jSppm = 6.71-5.879. AH = 110 kO g-at"1

TK

/T'K

Fig.1 Comparison of solubility data
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CARBON IN SODIUM - A REVIEW OF WORK IN THE UK

A.W. THORLEY, M.R. HOBDELL
CEGB, Berkeley Nuclear Laboratories,
Berkely, Gloucestershire,
United Kingdom

1. Introduction

It has been shown experimentally that when a difference in carbon potential exists
between two points in a sodium circuit, carbon will move from regions of high carbon
potential to regions of low carbon potential. Instrumental in this transport process
is the liquid sodium which provides an efficient, means of transport between sources
and sinks. In terms of operation of LMF3Rs the point of concern is that impairment
of mechanical properties may occur if significant amounts of carbon are gained or
lost from structures exposed to sodium.

In the UK the behaviour of carbon in liquid sodium is being studied at AERE Harwell,
Berkeley Nuclear Laboratories (BNL), the Dounreay Nuclear Establishment (DNE), and
the Risley Nuclear Laboratories (RNL). The scope of this review reflects the type
of work being carried out at various establishments and presents our current views
on certain topics. A summary of the UK position and an indication of where more
work is required is also included in the paper. Specialist material is provided in
the form of appendices.

2O Chemistry and Thermodynamic Behaviour of Carbon in Sodium

Measurements of the solubility of carbon in sodium have been carried out at AERE and
RNL (see Refs 1,2). Recently these measurements have been compared by Thompson (AERE)
with results obtained by Gehri(3) and estimates of solubility made using thermochemical
data for Na2C?(4). The purpose is to provide an averaged expression which des-
cribes the solubility of carbon in sodium as a function of temperature. This work is
reported in Appendix 1.

The chemical potential (y) of a solute at a concentration C, in a dilute solution is
obtained from its thermodynamic activity, a, which in turn is derived by assuming
Henry's Law:

v = RT Ina = RTln(C/S) (1)

where S is the saturated solubility at the temperature T. At a constant concentration
the variation of activity with temperature is thus the inverse of the variation of
solubility with temperature. Three independent solubility determinations^ ,2,3)
covering the temperature range 500 to 900°C, agree well on the temperature coefficient
of carbon solubility (AHs = 1lOkj.g-at*1) and predict that carbon activity would
decrease a thousand-fold on increasing the temperature from 400 to 700°C on the
assumption that carbon exists as a monatomic species in sodium. However there is
evidence from equilibrium measurements made at concentrations from saturation down
to 20% of saturation and from chemical analysis of the sodium solution that in
this concentration range carbon exists predominantly as a diatomic species, probably
the dicarbide ie (teC)2\ In this event the activity is proportional to the square
root of the ratio of concentration to solubil i ty, so that the chemical potential is

In this case the temperature coefficient of activity is one half of the temperature 24
coefficient of solubil i ty, resulting only in a thirty-fold decrease in activity as
the temperature is increased from 400 to 700°C.

Because of uncertainties regarding the nature of the carbon species present in sodium
attempts are being made in the UK to determine the temperature coefficient of carbon
activity by methods independent of carbon solubility ex pressions. Such methods
involve the use of carbon meters and nickel tabs. The results obtained so far
at RNL indicate some agreement between earlier values obtained using nickel tabs,
which indicated that the species was monatomic (5) and more recent results again
using nickel tabs. Also preliminary carbon meter values obtained by changing
the temperature of the sodium in the vicinity of the Harwell carbon meter and
assuming a constant concentration of carbon exists in the sodium, indicate that
the species could be monatomic (see Appendix 2). The implications of these
differences in assessing the behaviour of carbon in sodium systems wi l l be
discussed later.

The variation of carbon activity as a function of dissolved carbon concentration
and temperature is also being investigated at BNL. Carbon activities are
measured directly with the electrochemical carbon meter. Particular aims or
this work include identification of the nature of the dissolved carbon species
and confirmation of carbon solubility data with respect to both graphite and
sodium diacetylide (Na2C2). Such information wi l l enable carbon behaviour in
sodium coolant circuits to be more confidently predicted.

Carbon-solute interactions. The possibility that carbon may react with other
species such as oxygen and nitrogen in the sodium thus altering i ts activity
coefficient has been considered in the solubility studies carried out at
AERE(l) and RNL(2). There is evidence in the literature that chemical inter-
actions occur between nitrogen and carbon at high nitrogen over-pressures
to form soluble cyanides(6) and AERE have identified an effect of nitrogen
on the solubility level of carbon at high nitrogen pressures. I t also appears
that high oxygen levels (0.5w/o) have similar effects through the formation
of sodium carbonate(l)• However the conclusions drawn by both AERE and RNL
from these studies is that the oxygen and nitrogen levels anticipated in the
coolant and cover gas respectively of LMFRs should not affect the chemical
behaviour of carbon in this type of system.

Whether other solutes such as Ca, L i , Ba, Sr affect carbon behaviour in
reactor systems is debatable. Most of these elements have higher thermodynamic
affinities for oxygen than carbon and as some oxygen wi l l be present in a
reactor system, at least during the in i t ia l stages of operation, i t is anticipate
these elements wi l l be removed from the sodium as oxides.

At low oxygen levels i t is possible such elements as calcium wi l l start to
react with carbon in sodium and experiments carried out at BNL in low oxygen
environments have confirmed this view. These experiments showed that the
measured carbon activity (as measured by the electrochemical carbon meter)
did not increase in accordance with Henry's Law* on either a monomer or
dimer basis, with increasing concentration Of carbon -;n the sodium. I t was found
that following an in i t i a l linear increase the activity increased sigmoidally
with concentration. The cause of this behaviour was attributed to the presence
of dissolved calcium and the experiments showed that after exceeding the threshold
carbon activity for CaCg formation under the given conditions, subsequent
increases in activity with concentration were controlled by the reaction:

2C(Na) + Ca (Na) = CaC2 (ppt) (3)

u = RTlna = RTln(C/S)* = JRTln(C/S) (2)
Excellent quantitative agreement is found, over the entire range of solutions
studied, between measured activities and those calculated on the basis of



thermodynamjc data for calcium carbide and carbon and calcium solutions in
sodium. It is noteworthy that when allowance is made for precipitated carbon
in this way, the evaluated solubility of 'free carbon1 in sodium is in agreement
with other UK solubility data.

Reactions between carbon bearing materials and liquid sodium. In the primary
circuits of LMFRBs there are a number of components which contain potential carbon
sources, typical examples are graphite in neutron shield rodss boron
carbide in control rods and possibly carbide fuels. Operating experience w<ith at
least four reactor systems has also shown that organic based fluids such as oil or
tetralin have been accidentally spilled into the sodium coolant at some stage of
plant operation.

Studies carried out at RNL and BNL to establish the carburising behaviour of stainless
steels exposed to a number of potential carbon sources, are reported in Refs (7){8).
These studies indicate that at 650°C materials such as oil, sodium carbonate, boron
carbide and iron carbide (Fe3C) were effective carburisers whereas over the short term
graphite was not so effective.

More recently, because of reported oil spillages, we have considered it prudent to
study oil-sodium reactions in more detail, especially as in UK reactor designs the
mechanical pumps are situated in the lower temperature parts of the circuit. This
could mean that oil spillages from this source may not react with the sodium very
rapidly and carbonaceous products may be swept elsewhere in the system.

Work on this topic is being carried out at BNL, RNL and ONE. BNL are investigating
the chemical behaviour of various oils in sodium while RNL are mainly concerned with
compatibility aspects and the effects of oil-sodium reaction products on thin section
stainless steel materials (see Appendix 3). Experiments are also being carried out
at DNE to investigate the effects of accidental spillage of oil into a sodium loop.
The aim of the experiment is to establish what effects such spillages have on the
performance of certain loop components and whether, with continued operation under
clean sodium conditions, carbon will eventually move back into the sodium from the loop
pipework.

One of the important findings from the RNL studies, which are reported in Appendix 3,
is that the amounts of carbon picked up by a 25 micron thick stainless steel section
are temperature and time dependent, suggesting that over a sodium cycle time of 5
minutes all of the products may not react with the available steel surfaces, and some
may deposit elsewhere in the system. Further studies are planned using a pumped
sodium loop to investigate these effects in more detail.

At BNL the main aim of the chemistry studies is to identify the products from sodium-
oil reactions and their distribution in a sodium system as functions of temperature,
sodium-oil mass ratio and sodium flow rate. Two types of oil have been studied,
namely Perfecto T46 mineral oil and silicone oil. Most of the reported work concerns
the behaviour of Perfecto T46 in sodium and in these studies experiments have been
conducted in which sodium and oil in various ratios (typically 20-50g Na: 0.05-lg oil)
have been mixed at room temperature and heated at temperatures up to 400 C; the
threshold temperature for reaction was found to be 240°.

The principal gaseous reaction products were shown to be hydrogen and methane, although
the presence of ethylene and ethane was also detected. Sufficient hydrogen was present
in all cases to saturate the sodium and the corresponding equilibrium pressure of
hydrogen for the liquid sodium-sodium hydride system was always attained. However,
very little of the carbon originating as oil ultimately appeared as methane, at the
temperatures involved; the 'methane release ratio' (grams CH4:grams carbon as oil)
was <1% at 300°C and -3,% at 400°C. Thermal decomposition of'the oil in the absence
of sodium produced even less methane.

The non-gaseous reaction products were shown to include sodium hydride, amorphous «
carbon and sodium sulphide. However, no graphitic carbon or disodium acetylide,_ w
Na?C?, has been identified but X-ray diffraction analysis revealed a product having
an f.c.c. structure (a0 = 0.726mm). This is stable in the presence of excess
liquid sodium at 400°C, but is decomposed by distillation at this temperature.

Experiments have also been conducted at BNL in which sodium carbon activity was con-
tinuously monitored (with the electrochemical carbon meter) as oil was added to
liquid sodium at 640, 560 and 520°C respectively. In each case the total carbon added
was equivalent to ^ 200ppm, The carbon meter indicated an immediate increase in
sodium carbon activity, ultimately to unity on the graphite scale, the meter response
rate being consistent with carbon diffusion through its iron sensing electrode being
the rate determining step at each temperature. Subsequent insertion of stainless
steel gettering foils caused the measured carbon activity to decrease by an order of
magnitude, but at a much lower rate than that for the activity increases. These tests
confirmed that oil is a potential source of dissolved and chemically active carbon
in sodium.

In practical terms these studies have shown that monitoring levels of hydrogen,
methane and dissolved carbon in sodium each represent, in principle, methods for
detecting oil ingress. However, hydrogen monitoring is not favoured because of pos-
sible confusion with hydrogen produced from water leaks. The viability of cover gas
monitoring for methane and the use of in-sodium carbon meters for monitoring dissolved
carbon levels under plant conditions requires further assessment.

Exploratory tests with silicone oil have shown that it reacts at temperatures > 350 C,
the gaseous reaction products again being hydrogen and methane. This reaction also
produces elemental silicon, oxygen and amorphous carbon but no sodium silicides or
silicates were detected. The silicon was present, however, as Fe3$i at the surface
of a 316 stainless steel foil exposed to the sodium-oil mixture.

Although silicone oil displayed a greater thermal stability in sodium than Perfecto
T46, this advantage is offset by the release of oxygen with hydrogen, with the
associated interference with water-leak detection equipment.

3, Analysis and Monitoring of Carbon in Sodium

Methods for the determination of elemental carbon and sodium carbonate in bulk sodium
have been developed at RNL to provide a measure of the total carbon available at any
stage of purification(10,ll). These methods do not however provide a measure of the
'carburising-carbon' that is present in the system and alternative methods are
required to measure this.

Methods involving metal tabs. In the UK nickel is used to measure carbon activities
in sodium. The reason for the choice of this material is that pure nickel does not form
a carbide phase and the amounts of carbon taken up by the nickel over a range of carbon
activities are now measurable due to the development of improved methods of analysis
at AERE (see Ref 12), the bulk structure of the material remains stable at sodium
immersion temperatures of 650 and 700OC, and the diffusion of carbon in nickel is
sufficiently rapid at temperatures of interest to equilibrate in thin foils in rel-
atively short timescales. However because of certain shortcomings associated with the
use of this material, R M have decided to adopt a more pragmatic approach to the use
of nickel tabs and to explore their suitability to monitor carbon activities over a
range of carbon levels, using materials of different metallurgical condition, impurity
content and thickness.

In support of the nickel tab studies, stainless steel materials are also exposed to
the same sodium environment at RNL so that correlations can be obtained between the
carbon activities of the sodium as measured by the nickel, and the surface and bulk



carbon content of the stainless materials. Again improved methods of analysis pro-
vided by AERE (see Ref 13) have allowed much better estimates of surface carbon level
and carbon concentration profiles to be made in these alloys. (Papers describing
these analytical methods will be circulated for information).

In order to improve our understanding of the chemical behaviour of carbon in sodium
Harwell carbon meters have also been installed on two of the RNL test loops and
recently a BNL carbon meter has been installed in the chemistry loop at a point near
to the nickel tabs and stainless steel monitors. Also through the courtesy of HEDL
Fe-12Mn tabs have now been included in the programme. An outline of the RNL
experience with these various types of monitor is detailed in Appendix 2.

Tab equilibration techniques for measuring sodium carbon activities are also under
consideration at BNL. Following an assessment of the method, and of the various1tab
materials employed, it was concluded that equilibration with nickel offered most
promise, both in principle and practice. However, as already mentioned, shortcomings
have been identified. Briefly these include the absence of published information on
calibration (activity against carbon concentration) against a primary standard over
the relevant temperature-activity regimes; the need to quantify the effect of
impurities (both indigenous and acquired) on such calibration, particularly at low
activities and concentrations; the separate effect of such impurities on the measure-
ment of carbon concentration within the tab; and the practical precautions which
should be exercised with respect to tab treatment both before and after sodium exposure
if reproducibility is to be ensured. Experiments for in-sodium calibration of nickel
tabs with the electrochemical carbon meter are currently in hand at BNL.

Carbon meters. The development of carbon meters either for reactor instrumentation or
laboratory studies is being carried out at AERE and BNL. The sensor of the Harwell
carbon meter (HCM) is an iron membrane, generally in the form of a helically wound
tube, the inner surface of which is oxidised to form an iron oxide film. When it is
immersed in liquid sodium, carbon diffuses through the iron and, when it reaches the
oxide film, it is converted to CO and CO-. These gases are swept by a stream of inert
gas, into an analytical unit in which the rate of production of CO + CO- is determined;
this rate is directly related to the carburising potential of the sodium. In prin-
ciple the HCM can be calibrated absolutely from a knowledge of the diffusion rate and
of the solubility of carbon in iron. However in practice the literature data on these
constant may be inadequate. Consequently the calibration of the HCM has been mainly
with reference to nickel tabs; this calibration has been carried out in the temperature
range 500-600 C. The validity of calibration against nickel tabs is discussed in
Appendix 4 and the implications of the observed calibration curves are considered with
respect to the assumed operating principle of the HCM.

BNL work has been primarily concerned with the development of an electrochemical carbon
meter for directly measuring sodium carbon activities. The electrochemical meter has
been used initially to study the chemistry of dissolved carbon in sodium, and the
effect of this carbon on the composition and microstructure of austenitic and ferritic
steels. Following successful meter development and application in these areas, the
suitability of such a device for on-line monitoring of reactor sodium is being
assessed on PFR.

The meter is based on an electrochemical carbon concentration cell, and as such
measures, in principle, the absolute value of carbon activity and provides an ideal
means for its direct and continuous monitoring in liquid sodium.

The central problem in the development of electrochemical carbon meters is the iden-
tification and proving of a suitable electrolyte for the basic electrochemical cell;
with no solid electrolyte exhibiting the necessary physico-chemical properties,
attention has centred around liquid electrolyte systems. Attempts to use molten
halides containing dissolved acetyiides were unsuccessful, and following work
initiated at Brookhaven National Laboratory, l)SA(H),the suitability of alkali metal
carbonates has been conclusively demonstrated.

2-Tests on electrodes of the type: Fe, C/CO,'", showed their electrode potential to be 26
governed by an electrochemical reaction formally equivalent to:

C = C4+ 4e

and a possible net reaction being:

C + 302" = C0 3
2' + 4e

(4)

(5)

The theoretical emf, E, of a cell employing carbon containing iron electrodes bridged
by a molten alkali carbonate electrolyte, is thus given by:

Subsequent tests in gaseous and liquid sodium environments confirmed that such cells
would readily respond, in the predicted manner, to both increases and decreases in
their environmental carbon activity.

The validity of the above equation was confirmed on calibrating the emf of prototype
meters against carbon activities set by C0-C02 mixtures.

Excellent agreement was obtained between carbon activities derived respectively from
emf measurement and free energy data for the reaction:

2C0 = C0 2 + C (7)

(See refs 15,16,17).

During the course of this work,the importance of rigorously drying the carbonate
electrolyte prior to use, and avoiding all subsequent atmospheric contamination was
identified; this prevents deleterious oxidation of the iron electrodes, and formation
of alkali metal hydroxide. Experience also showed that deterioration in meter
performance could occur after prolonged use at high temperatures (> 650°C). This
behaviour was associated with carbon deposition on cell insulation, with subsequent
lowering of external cell resistance, and ultimately the growth of iron deposits on
the reference electrode. Such phenomena are not observed (> 10,000hrs) at tempera-
tures < 600 C, and are readily prevented at high temperatures by avoiding permanent
immersion of the reference electrode in the electrolyte and ensuring that external
cell resistance remains high (eg j> 107 n ) .

More recently the meter has been calibrated over the temperature range 620-700°C, at
unit activity (with respect to graphite). The equivalent basic cell is represented
by:

graphi te/Fe/Na2-Li 2C03/Fe/Fe3C

and the cell reaction is: 3Fe(a) + C.(gr) = Fe3C (cementite). As predicted by the
'decreasing metastability1 of cementite with increasing temperature over the range
considered, measured equilibrium emf values decreased with increasing temperature,
and were in excellent agreement with those calculated from the above equation and
electrode reaction, in conjunction with free energy data for the formation of Fe,C.

Current meter development work is concerned with extending both the temperature and
calibrated activity ranges of meter operation. Meter sensing electrodes fabricated
from nickel are under test for use in sodium systems where sodium diacetylide (NaoC2)
might be expected to form (carbon activities in the Na-Na2C2 system being higher than
the threshold activity for Fe3C formation to occur within the currently used iron
electrodes); various metal-metal carbide couples are being investigated for producing
environments with buffered carbon activities < 10~2; the suitability of ternary
Na2-Li2-K2C0j electrolytes (mpt 397°C) for use in meters operating at temperatures
below the existing limit of 510°C is being assessed.



Other forms of monitoring. In the event that suitable methods cannot be developed for
the monitoring of low temperature components then a situation may develop that the
temperature where monitoring is carried out is different from the temperature of the
materials under surveillance. In the absence of a suitable low temperature monitor
there are a number of alternative routes which should be explored. One possibility
is to assume that a nickel tab at equilibrium provides a measure of the carbon activ-
ity at the temperature of exposure. This then permits, assuming a constant carbon
concentration in the sodium, estimates of carbon activity to be made elsewhere in the
system. This is one of the approaches currently being investigated at RNL where
stainless steels in a variety of metallurgical conditions are being exposed in
positions upstream and downstream of the nickel tabs and carbon meters. Another
approach is to use the material of concern as the monitoring material and build up
a history of carbon movement into the material so as to predict when its carbon content
will become unacceptable. The third approach is to use the empirical method developed
by WARD(18). Although monitoring of the type described in these last two approaches
is not being performed at RNL a check is being carried out on a number of large and
small sodium circuits to establish whether a correlation exists between the various
temperature parts and whether over the long term carbon behaviour in one position
reflects its behaviour in another.

4. Behaviour of Carbon in Sodium Circuits

Experience has shown that carburisation and decarburisation of austenitic and ferritic
steels can occur in sodium systems. The direction of the carbon movement at a partic-
ular sodium-steel interface is dictated by the relative magnitudes of the sodium and
steel carbon activities, while the amounts of carbon taken up or removed from the
steel's cross-section in a given time is dependent upon the kinetic behaviour of the
carbon in the steel. In the UK we have approached these problems from both theoretical
and practical standpoints.

Theoretical modelling. The question of whether one can operate fast reactor circuits
with a carbon source in the system could be central to the operation of commercial
reactors where there are strong economic incentives to keep the reactor on-line. The
first step however is to show, through the use of appropriate models, that the
recommended limits for carbon uptake or loss by components will not be exceeded and
that no realistic combination of circumstances is likely to lead to unacceptable
changes in materials properties elsewhere in the circuit. If such models are not
available, because of lack of appropriate data, then the only logical alternative is
to monitor the sodium environment in critical areas of the plant.

Current models being used at RNL to describe carbon movement in sodium systems are
based on three different approaches. The first approach assumes that the carbon
concentration in the sodium remains constant and that the distribution of carbon into
the steel components is dependent upon local thermodynamic driving forces which are
temperature dependent. The amounts of carbon taken up by the steel are subsequently
controlled by diffusion processes into the steel., This 'thermodynamic' model predicts
that the highest surface concentrations in the steel will be at the lowest temperature
positions when the chemical activity of carbon is greatest and that lower surface
concentrations but greater penetrations of carbon will occur at the highest tempera-
tures.

The second approach assumes that thermodynamic activities do not influence carbon
behaviour but that the uptake of carbon by the steel is controlled by kinetic factors.
This means that maximum surface levels and penetrations occur at the high temperature
points of the system and reduced levels occur at the lower temperatures. The reason
for including this second approach or 'kinetic model' into our predictive studies is
that we have already observed at carbon activities of 1Q~2 that times to reach equil-
ibrium in thin section material are long and that certain stainless steel fuel elements
removed from the DFR system had carburised twice as much at the hot end compared with
the cold(19).

The third approach involves trying to obtain a mass-balance between the available 27
carbon in the sodium and the surface of the steel available for reaction. If the
calculation shows that the amount of carbon uptake by the steel is below some critical
level as far as its subsequent mechanical property behaviour is concerned, then it is
assumed that the amount of available carbon is insufficient to cause any material
damage. Unfortunately although this approach is a useful first approximation the
method has certain shortcomings and can be open to criticism.

In many respects the choice of alternative models to determine the behaviour of carbon
in sodium systems reflects the unsatisfactory nature of our state of knowledge con-
cerning the distribution of carbon in sodium loops. In our view there are insuf-
ficient sodium loop experiments engaged on carbon transfer studies to provide the
necessary statistical evidence to support the use of either thermodynamic or kinetic
models. French results(20) from bi-metal systems involving 2|Cr1Mo ferritic steel
and Type 316 stainless steel seems to suggest that carbon distribution is controlled
by thermodynamic driving forces, whereas other loop studies, including those on the
RNL mass transfer 1oop(21,22) seem to suggest that kinetic factors are more important.
Studies carriedout by Bellamy and Paris at AERE on certain stainless steel fuel pins
removed from DFR show that surface carbon levels and associated carbon penetrations
along the length of the pin are more consistent with a 'kinetic-model' approach. See
Appendix 5 for details.

In summary the limited evidence for carbon distribution in sodium circuits suggests
that the thermodynamic model may have some application in sodium systems where the
carbon activity is greater than say 10~2 and a kinetic model may be more relevant
at carbon activities below this value. This view is tentatively supported by the
gas atmosphere studies(22) carried out at RNL which have indicated a reluctance on
the part of stainless steels to come to equilibrium with low carbon activity environ-
ments even at temperatures as high as 800°C. Whether from the practical standpoint
the carbon levels recorded in the steels at these carbon activities are of concern to
the designers is a debatable point. The evidence from the Bellamy and Paris paper
and other work carried out in the UK(7,23) suggests that levels of carbon of this
order are insufficient to impair the performance of thin sectioned materials like the
fuel pin.

As at RNL initial BNL studies(24) were concerned with thermodynamic aspects of carbon
transport in the sodium-seel system. These studies enabled the direction and extent
of carbon transport across a given sodium-steel interface to be predicted for given
sodium conditions. However more recently, a comprehensive theoretical model has been
developed, which incorporates both thermodynamic and kinetic aspects of carbon trans-
port behaviour, and can be readily applied to an inter-dependent sodium-steel circuit
system, where sodium conditions are not necessarily separately imposed. This theoret-
ical treatment also enables the effects of uncertainties in in-put data on predictions
to be quantified. Essentially the model enables the surface and mean carbon concen-
tration within the steel, and carbon concentration in the sodium to be evaluated as a
function of loop position (temperature) and time. It can also allow for different
steel types (where effective carbon diffusivities and activity-concentration relation-
ships are known), different initial carbon concentrations within steels, flow splitting
around the circuit, variable initial carbon concentrations in the sodium, component
changes (eg refuelling), and carbon ingress during circuit operation.

Application of the model to non-isothermal simple loops in which the structural steels
(AISI 316) represent the only sources of carbon, showed that the resultant carbon
concentrations produced in the sodium would rapidly become uniform around the circuit,
and thereafter the mean level change little with time. In general, good agreement
was found between calculated levels of steel carburisation and those found in practice.
Inspection showed, as might be expected, that calculated values for surface carbon
levels were most sensitive to uncertainties in published carbon activity-concentration
relationships, while calculated mean concentrations were most dependent on values



given to the effective diffusivities. Literature data giving best agreement has been
identified. Using these data the model has been applied to a notional fast-reactor
primary circuit to predict carbon transfer in both clean and carbon contaminated sodium.

The carburisation behaviour of stainless steel in sodium systems at high carbon
activitie~s~l Although there is now a substantial body of experimental evidence that
carbon bearing impurities in liquid sodium can carburise Type 316 stainless steels
and modify their mechanical properties there is no accurate model of the carbur-
isation process which relates the concentration of carbon in the sodium with the
amount of carbon picked up by the steel for different times and temperatures of plant
operation. Without such a model it is difficult to forecast, in practical terms, to
what extent carburisation will affect the mechanical property of fast reactor primary
containment.

In an attempt to resolve this situation, a programme of work has been carried out at
RNL to elucidate various aspects of the processes involved in the passage of carbon
from the sodium to the matrix of the steel. Three specific aspects have been studied,
the first being aimed at determining carbon activity in liquid sodium through the use
of solubility expressions. To meet this requirement experiments have been conducted
to measure the solubility of carbon in sodium over the temperature range 500-800°C
and the following equation has been obtained:

(10)
28

log-,Q (carbon solubility) (ppm) = 7.2 -5465
(8)

The second item of work involves finding an experimental relationship between the
carbon activity in sodium and the surface level of carbon reached in the steel. Two
different experimental approaches have been adopted. The first involved exposing
Type 316 stainless steel foils, 0.003 inches thick to carburising sources of known
carbon activity in sodium for various periods of time and at various temperatures to
establish the 'equilibrium' carbon content of the foil, the second approach has
involved equilibrating pre-carburised foils of known carbon content with hydrogen-
methane gas mixtures at certain temperatures and then measuring the carbon activity
of the equilibrated mixture and plotting it against the residual carbon content of
the steel. The findings from both types of experiment have indicated that the carbon
activity of the source can be related to the carbon concentration in the steel, for
carbon activities in the range 0.01-1.0 through an expression of the form:

a = K (carbon cone (9)

Since the carbon in the steel is distributed between matrix and carbide precipitates
there is no obvious theoretical reason why this relation should be followed, neverthe-
less it is useful as an empirical guide. Tests are continuing to extend this relation-
ship to cover lower carbon activities and also to establish how K varies with tempera-
ture. Indications are that K is not particularly sensitive to temperature and an
average value from the available test data for K is "- 0.015.

In order to establish rates of carburisation of stainless steel in a sodium environ-
ment which is potentially carburising, studies have been carried out in the temperature
range 500-800°C to evaluate the effect of composition in the range (Types 304, 321 and
316) on the rate of carburisation of these materials during exposure to a highly
carburising source (a ^ I). An assessment has also been made of the type of carbon
profile which exists through the cross-section of the steel when it is exposed to a
carbon source of reduced carbon potential,

The analytical methods used to establish the form of the carbon gradient have involved
chemical analysis of thin machined layers, electron microprobe analysis of specially
prepared sections, and a neutron activation analysis arranged by AERE. From these
analyses it was found that the carbon profiles followed the normal type of error
function relationship:

where Cs is the surface concentration of the carbon in the steel, Cx is the concentra-
tion at a depth x from the surface at time t (sees), Co is the initial bulk concentra-
tion and D is a diffusion coefficient.

The effect of temperature upon the diffusion coefficient for carbon penetration in 316
stainless steel has also been established and this can be represented by the follow-
ing equation:

15297 ,D 2/sec = 7.762 x 10 i ( - ("I
By combining these equations it is now possible to construct a preliminary model for
carbon transport in sodium systems and to establish what effect this carbon has on
the carburisation rate of 316 materials in sodium and what levels of carbon pick-up
may be anticipated in fast reactor systems when these materials are exposed to sodium
at different temperatures for extended durations of time at carbon activities > 10"2.
Figure 1 illustrates the types of curves obtained using the 'thermodynamic' model.

More detailed equations obtained through analysis of data from static and dynamic
sodium systems are detailed later.

At BNL the effects of sodium, at different carbon activities, on the composition and
microstructure of austenitic stainless steels are being studied to investigate
carburisation effects under controlled carbon activity conditions. Carbon activities,
maintained at constant values in small (200ml) isothermal capsules, are measured
directly and continuously with the electrochemical carbon meter. Before and after
sodium exposure, the steels are characterised by a variety of chemical metallurgical
and spectroscopic techniques.

Initial tests (of 243 hrs duration) involved sodium buffered at unit carbon activity
(with respect to graphite) at 643°C(25). These conditions produced a limiting carbon
level of 4.3wt% within AISI 316 steel, predominantly as M7C3 carbide of probable
stoichiometry (Feo.6Ci"o.4)7 C3- Detailed examination of accompanying carburised zones
which exhibit a carbon gradient enabled some qualitative aspects of the carburisation
mechanism to be identified. With increasing carbon level, the volume fraction of
M7C3 type carbide increases at the expense of initially formed M23C6 carbide, firstly
at grain boundaries and then within grains; the Fe:Cr ratio of both carbides also
increases with carbon level; M7C3 becomes the predominant carbide in regions where
the local carbon activity corresponds to a carbon concentration > 2wt%.

The degree of carburisation was consistent with an 'effective' carbon diffusivity of
5 x 10-9mm2s-l in AISI 316 steel.

Exposure of 316 steel (700°C, lOOOh) at the lower measured carbon activity of 4 x 10" ,
produced a surface carbon level of 0.83wt%, with the sole precipitated carbide being
the M23C6 type(17). The importance of closely specifying steel alloying content
before predicting carburisation levels for a given sodium carbon activity was demon-
strated in this test; a modified 316 steel (with higher nickel and lower chromium
content) exhibited a lower carbon level of 0,5% for the same exposure conditions. However
for a given composition, metallurgical condition ie solution treated or cold worked,
appeared to have little effect on surface carbon level, but did cause differences in
carbon penetration profiles.

The electrochemical carbon meter has also enabled the effect of varying carbon activ-
ity on resultant carbon levels in 316 steel to be conveniently studied. In explora-



tory tests(26) it has been found that high carbon levels, produced by transiently
high sodium carbon activities,can persist under conditions of subsequently constant
lower activities for timescales longer than those calculated on the basis of carbon
diffusivity values; furthermore, such an effect appeared to vary with the thickness
of steel section involved. These observations would seem to suggest that stainless
steel monitoring/surveillance foils would not provide a reliable guide to the
behaviour of stainless steel reactor components which have experienced non-uniform
carburising conditions.

Effects of irradiation on carbon transfer processes in stainless steels. Preliminary
data from PFR experimental stainless steel fuel pins exposed to the Na/K coolant in
DFR (see paper by Bellamy and Paris, Appendix 5) indicates that the carbon profiles
produced in these materials are similar to those estimated using the RNL diffusion
equations, implying that irradiation has not affected the kinetics of carbon movement
in the steels cross-section. In order to confirm this, experiments are being mounted
in PFR involving the use of pre-carburised stainless steel specimens which are sealed
in molybdenum containers. The specimens are then inserted at various temperature
positions in the core for varying periods of time. Prior to insertion in the reactor
a section of material from each batch of specimens has been analysed to check the
carbon gradient in the steel so that proper reference information is available. Control
samples from the same section of material have been thermally treated under the same
conditions as those anticipated in the reactor.

Decarburisation behaviour of stainless and ferritic steels in sodium

Type 316 stainless steel. With the admission of Type 316 stainless steel as a con-
struction material in the design of future UK fast reactors, a small programme of
work is being carried out at RNL to establish whether unstabilised stainless steels
of this type decarburise in a high temperature sodium environment. The purpose of
the studies is to establish in the first instance what thermodynamic driving forces
are necessary to cause carbon movement from Type 316 steel during exposure to high
temperature sodium and in the second to establish whether the driving force is
associated with the chemistry of the sodium or the metallurgical condition of the
steel.

For the first part of the programme attempts have been made to remove carbon from 316
steels by adjusting the chemistryof the sodium to provide the necessary chemical
activity gradients in various experimental arrangements. These studies have involved:

i) studying the effect of temperature differential on carbon behaviour in 316 steels,

ii) assessing the effect of adding carbon gettering elements to liquid sodium where
the elements are either in the form of metallic zirconium or excess titanium in
stabilised 321 steel, and

iii) studying the effect of continuously cold-trapping PFR sodium and sodium of single
distilled quality on carbon removal from 316 steel. In support of these studies,
which are still continuing, the carbon chemistry of the sodium environment is
being continuously monitored using the AERE carbon meter and nickel tabs or foils.

For the second part of the programme, which deals with metallurgical structure, 316
materials have been mechanically worked and heat treated to provide different carbide
structures and distributions in the austenitic matrix. This is to establish what
metallurgical factors affect the decarburisation behaviour of this material in a
sodium environment. Other factors being investigated include slight changes in
materials composition, the effect of stress, the effect of different metallurgical
conditions and specimen thickness.

It has been found that 316 stainless steel will lose a limited amount of carbon at 700°C
in convection loop and static sodium systems providing the sodium is initially of low

carbon activity and temperature gradients exist in the system. If carbon gettering 29
materials in the form of metallic zirconium are added to the sodium, surface carbon
losses will occur at temperatures down to <\. 600°C or less. Similar effects have been
observed at BNL using titanium-sponge. However no significant loss of carbon has been
observed in pumped loop systems at RNL, and thicker section annealed and 20% cold
orked 316 materials have tended to remain 'neutral' when exposed to both PFR quality
sodium and sodium of single distilled quality at 650 C for periods up to 2 years (see
Appendix 2).

The structural studies indicate that the more carbon retained in solid solution the
greater is the tendency for the steel to decarburise(5). This suggests that fully-
aged higher carbon content steels which exhibit carbide phases are more resistant to
decarburisation in sodium compared with low carbon single phase materials. It has
also been found that the thermodynamic stability of the carbides in Type 316 stainless
steel is affected by loss of nitrogen from the steel and precipitation of other phases
such as the chi phase. It seems that loss of nitrogen and the change in metal com-
position of the carbides with time in the 316 stainless steel foils is promoting the
removal of carbon from the sodium so as to bring the carbides into equilibrium with
their surroundings. Thus structures which have a propensity to lose carbon in the
initial stages of sodium exposure may eventually take up carbon once their metallurgical
structure reverts to a more thermodynamically stable form.

Ferritic steels - 2j|CrlMo and 9CrlMo. Experience at RNL and BNL(27,28) and elsewhere
has shown that low alloy steels of the 2JCrlMo type will lose carbon when exposed to
high temperature sodium. The rate of carbon loss is dependent, amongst other things,
upon the carbide structure of the steel which in turn can be affected by prior heat
treatment and the carbon activity of the sodium{28).

Historically we have been concerned about the use of ferritic steels of this type in
sodium cooled systems because they decarburise and the carbon liberated can cause
carburisation of austenitic components in LMFBRs. The practice in the UK has been to
use stabilised ferritic steel of the 2£CrlMolNb type for evaporator tubing. In future
designs the same principles will apply but more extensive use will be made of the
higher chromium ferritic steels such as 9CrlMo. This material, according to tests
carried out at RNL in high purity sodium at 650 C contains chemically stable M23C6
carbides, suggesting that any problems encountered with this material in reactor
circuits are going to be more related to the effects of carburisation and not decar-
burisation(27). Tests are therefore in hand at RNL and BNL to study the carburisation
and mechanical property behaviour of 9CrlMo ferritic steels in different carbon activ-
ity sodium environments.

Metallurgical implications

It is known that carburisation of stainless steels in sodium environments can increase
the strength of the steel at the expense of ductility and at a high enough level
it may cause embrittlement(7). Conversely, loss of carbon from certain steels causes
softening, grain growth and loss of mechanical strength(29). The effect of carbon on
those mechanical properties of most interest to designers can be summarised as follows.

Tensi1e properties changes. RNL have performed tensile property evaluations on Type
316 stainless steel after exposure to high carbon potential sources in static sodium
(7). In the high carbon potential environment the proof stress of the stainless steel
is increased with increasing carbon content, whereas the tensile ductility at both
room temperature and high temperature is lowered significantly. Plate tensile speci-
mens having surface carbon concentrations of 4.0% have virtually zero ductility when
the bulk carbon levels reach 1.0% and 0.7% for the high temperature and room tempera-
ture situation respectively. Further work in which the tensile properties of
carburised materials containing steep carbon gradients have been compared with materials
having bulk carbon levels which have had their carbon gradients altered by additional
thermal treatments in argon furnaces suggests that significant losses in ductility are
a consequence of a highly carburised surface layer and not the bulk carbon level per



se. For BNL work on carburised stainless steels, which supports these conclusions,
attention is drawn to Ref 30.

Effect of carbon on creep and stress rupture. Stainless steels derive their high
strength and generally good mechanical properties from the complex interaction of
microstructural and elemental constituents. Carbides contribute to dispersion
strengthening and significantly inhibit grain boundary sliding. It is evident that
increasing the carbon concentration up to 0.3% increases the stress-rupture strength,
while the elongation at rupture decreases. Loss of stress rupture strength is not
expected at higher carbon levels(31). Creep tests already carried out at BNL support
these views. Tests have demonstrated that the rupture ductility of AISI 316 steel is
significantly reduced by brittle type rupture of the carburised material, with an
attendant increase in rupture strength, Ref (32).

Effect of carbon on fatigue life. Since carburisation is known to reduce the ductil-
ity, the most important implication of carburisation is it may impair the resistance
of the material to thermal shock and fatigue crack growth. It is therefore proposed
to study at RNL(31) the effect of carburisation on high strain fatigue strength and
on fatigue crack growth behaviour.

Crack propagation aspects are also likely to be important since local carburisation
at a crack tip may occur at an equal or greater rate than crack growth under cyclic
stressing, thereby producing a situation in which a crack will always grow into
locally carburised material ahead of the crack tip. This situation could lead to an
enhanced rate of crack growth. An exploratory programme of stress controlled low
cycle fatigue crack propagation tests is therefore proposed at RNL(31) to examine
this situation. It is to be noted however that although BNL in their tests have
demonstrated that the fatigue properties of Type 316 stainless steels can be reduced
by carburisation(33), their work on crack propagation suggests that carbon will not
reach the crack tip in realistic crack situations(32).

Deposition and thermal hydraulic effects. Observations made at RNL on the types of
carbide that can deposit in sodium systems have shown that depending upon the carbon
activity of the sodium, different carbide forms can deposit in various parts of the
loop system. Under carburising conditions for example we have observed M6C carbides
on the surface of corroded Type 316 stainless steel, M23C6 carbides in adjacent
carburised regions in the hot zone of the loop and M7C3 carbides in the colder parts.

Although it is not possible to be dogmatic about the form of the various carbides it
is felt that in general the M23C6 carbides are part of the carburised surface, the
MgC carbide occurs through interaction between carbon and the enriched Fe-Mo corroded
surface(34) while the M7C3 carbides are probably deposited precipitates. Experience
has shown that although the MgC carbide is formed in a fast flowing sodium environment
it does not remain mechanically stable for an indefinite period of time (see Ref 34).
Experiments are in hand to establish whether the same type of behaviour occurs when
other types of carbide eg M7C3 deposit in the pumped loop system.

In trying to identify whether such carbide formations affect the thermal hydraulic
performance of a pumped sodium system one can only speculate that under normal
operating conditions effects caused by deposited carbides should be no worse than
effects caused by corrosion products. Out of limit situations caused by accidental
spillage of oil may however cause more significant effects through fouling or crudding
of components thereby affecting their performance.

Under normal operating conditions it is assumed the carbides will be wetted by the
sodium and sodium will penetrate the deposits. As the growth characteristics of the
carbides appear to be different to compounds such as sodium silicide, which is known
to cause operating problems(35) in sodium loops, it can be assumed the problems
caused by these two different types of compound are not comparable. Further, as
carbide phases such as MRC appear to form through transformation of existing 'coral-

like' Fe-Mo compounds on the corroded surfaces of Type 316 it is felt that the extra on
resistance to flow provided by such transformations will not significantly add to the
resistance already provided by the Fe-Mo compound. The possibility that heavy carbur-
isation of the steel will also affect heat transfer coefficients cannot be ignored
in the light of evidence that brittle layers of carbide will form under heavily
carburising conditions. However where such conditions exist it is felt that the
attendant metallurgical problems probably outweigh those involving heat transfer.

5. Implications in L'iFBRs

Carbon specification. Chemical analysis of PFR sodium purified at ONE has shown that
total carbon levels of the order of l-3ppm can be obtained with the current scheme of
purification. Also work at RNL has shown that the carburising potential of this
sodium is small and does not cause excessive carburisation of Type 316 stainless
steel(5) implying that the measured carbon level of l-3ppm is not all carburising
carbon.

From the standpoint of reactor operations it is difficult to specify at the present
time what levels of carbon activity the reactor should operate at. Based on current
knowledge and assuming the high temperature components at 650°C are more at risk than
low temperature components it is felt that carbon activity between 10"<- to unity will
provide carburising conditions in the primary coolant and caution should be exercised
in the operation of the coolant above the 10"2 level. Below 10"2 and down to 10-3
it seems that the carbon concentrations reached in the steel should not be too
embarrassing from the standpoint of tensile ductility behaviour. This statement
however requires some qualification in view of the complex stressing situations that
can occur in reactor systems. At carbon activities in the region of 10-4 it is
possible decarburising conditions could pertain and therefore thin section material
such as the M316 fuel clads would probably be more vulnerable in this type of environ-
ment.

Component failure and clean-up. As the primary circuits of fast reactors contain
materials which are potential carbon sources (see earlier) it is possible that at some
stage of reactor life failure of one of the containments may occur and the sodium may
eventually provide a 'bridge' between this source and other critical components in
the primary circuit. Again failed seals on mechanical pumps may provide a 'drip feed'
of oil to the system which again may have to be tolerated for some period of time,
irrespective of whether pump failure occurs on the primary or secondary circuits of
the reactor.

The decision as to whether the plant continues to operate or shuts down in order to
remove the failed component will depend on the levels of carbon activity recorded by
the carbon meters and the levels of carbon picked up by metal tabs or components
placed at critical positions around the reactor circuit. If the readings or values
obtained from these various items indicate the carbon activity is too high, then
attempts would have to be made to lower the carbon activity using the cold traps, or
in extreme cases hot traps. In the event that such procedures are capable of holding
the carbon activity to the required level then it may be possible to operate the
plant with a failed component in circuit. If not, the component would have to be
removed.

In situations of this nature it is felt that one of the critical components in any
subsequent purification scheme is the cold trap and although there is now information
to hand which indicates that cold traps can remove adventitious carbon from reactor
systems, following accidental spillages of oil, it is felt that the capability of a
cold trap to hold down carbon activities when a carbon source exists in the circuit
for some indefinite time has still to be demonstrated. Therefore, experiments using
carbon meters should be mounted to prove this point and at a later stage alternative
methods such as hot trapping should be explored. Again carbon meters should be used
to monitor the efficacy of the removal process both in terms of the type of material



used, and the physical dimensions of the trapping system. Experiments are programmed
at BNL to assess the viability of certain methods for removing carbon from sodium.

Selection of materials and operating parameters. In future reactor designs it is
anticipated that Type 316 steel will be used exclusively for high temperature piping
applications and for certain core components such as the diagrid. To prevent decar-
burisation of this material at low carbon activities in sodium we feel cognisance
should be taken of the reported RNL studies which indicate that the carbon content
of the steel should be of the order of 0.05w/o and its heat treatment and composition
(BNL work) should allow for precipitation of carbides and a stable austenitic matrix.

For future fuel element cladding applications the intention in the UK will be to use
the experience gained with the existing M316 alloys in PFR. The possibility that in
the longer term some local decarburisation of this material may occur in service at
low carbon activities, especially at hot spot temperatures of 700°C, cannot be ignored.
However if this decarburisation is found to be embarrassing then the use of the Nb
stabilised FV548 steel would receive consideration.

On the secondary side of the circuit it is recognised that there are both technological
and economic incentives to use low alloy ferritic steels, especially in areas such
as the evaporators. However if such materials as the 2JCrlMo ferritic steels were used
for steam generation applications then it would be necessary to impose a temperature
restriction on its maximum operation temperature because the material could become a
potential carbon source. This temperature would be dependent on the prior heat
treatment of the steel which adds to the complexity of the problem(36).

The use of other types of ferritic steel such as the l%Cr|%Mo and the plain carbon
steels would not be recommended for use in sodium circuits unless they were stab-
ilised with the required amounts of niobium or titanium. In the unstabilised con-
dition these steels are considered to be potential carbon sources at all practical
operating temperatures.

As the intention in the UK is to move away from the low alloy ferritic steels in
steam generator design and to use the higher chromium varieties such as the 9CrlMo
ferritic steel, problems of decarburisation/carburisation in the secondary circuits
should be significantly minimised. Bearing in mind that studies carried out in the
UK(27) have shown that the carbides in this material remain thermodynamically stable
in low carbon activity sodium environments at temperatures above those anticipated
in service.

The possibility that high strength alloys could be required for use in the above core
structure could mean that high nickel alloys, such as Inconel 718, nay be used in
this part of the design. However as these alloys contain \ 5% Nb some consideration
has to be given to the metallurgical state of the niobium as it could be a potential
sink for carbon. Therefore in any assessment regarding the suitability of these
alloys for sodium service consideration has to be given to the amount of surface area
involved, the temperature of operation and the metallurgical structure of the alloy,
if the carbon activity of the coolant is not to be reduced. This statement pre-
supposes that there is no adventitious carbon or oxygen in the system which if present
could react with the niobium in the surface of the alloy, thus eliminating such
effects.

The use of palliatives in those areas of the reactor where carburisation could become
embarrassing has received little attention in the UK, mainly because there is no
evidence, as yet, to suggest they are necessary. Materials that could be used for
this purpose include the high nickel alloys, either as components or overlays, or
flame sprayed materials such as alumina (A1203). Nickel rich materials are known to
pick up less carbon than stainless steels over equivalent times and temperatures(37).
Also there is evidence that if applied properly alumina will restrict carbon movement

into the steel. Obviously before such applications can be made, an assessment of 31
other factors such as fabricability, thermal stability in service, effect on thermal-
hydraulic performance andcost have to be established before considering these
alternatives in future reactor designs.

6. Current UK Position on Certain On-Going Topics and Areas for Further Work

6.1 Current position regarding the provision of estimates for amounts of carbon
transferred in reactor systems

The essential features controlling the rate, direction, and extent of mass transfer are
considered to be:

a) the variation in carbon potential in the sodium as it flows round the circuit,

b) the response of each component exposed to the sodium to the local carbon activity
in the sodium in terms of the equilibrium carbon content (wt %) attained,

c) the rate at which the equilibrium level of carbon in the structural material is
approached.

Empirical correlations have been obtained therefore at RNL which relate the 'carbur-
i si rig' carbon concentration in sodium with temperature and solubility to give carbon
activity in sodium, carbon concentration in steel at the surface and -through values
of carbon diffusion coefficient - the development with time of carbon profiles in
Series 300 steels. These relationships which provide a basis for modelling carbon
movement in non-isothermal mono-metallic stainless steel systems assume:

a) the carbon concentration and carbon activity at the steel surface is constant
with time at a particular temperature and depends only on the carbon activity
in the adjacent sodium. Experimental data gives the equation:

Cs = (8.861 x 10'
3 T°K - 4.225)ac

0-33 (Cg in wt per cent)

b) carbon activity in sodium is given by carbon concentration divided by carbon
solubility, the latter is given by the RNL equation:

log1QS = 7.2 - 5465/T°K (S in ppm)

(this simplified approach assumes no dimer is present and Henry's Law applies),

c) the effective mean diffusion parameter for carbon in all metallurgical con-
conditions of the 300 series of steels is time dependent for times lhr to
2 yrs:

ie log10(D.t
0-47) = - 0.35 - 4630/T°K (D in mm2/sec)

In addition a fourth equation has been derived which relates the tensile ductility of
Type 316 stainless to its bulk carbon content. This equation is of the form:

6 = 30.557 - 36.82C + 11.85C2

where & = high temperature ductility

C = carbon content in the limits O.O3W58_<C _< 1.2W/O

The uncertainties associated with these equations are briefly:



Carbon solubility - carbon activity relationships

Thera are a number of uncertainties associated with the estimation of carbon activity
from current solubility equations. These centre around the applicability of Henry's
Law and the nature of the carbon species. To resolve this situation other forms of
measurement of carbon activity as a function of sodium temperature are required. In
the UK attempts are being made to rationalise the situation using diffusion and
electrochemical carbon meters and nickel tabs.

Honomer/Dimer

If the reported existence of monomeric or dimeric carbon species is confirmed in
sodium loops operating under conditions anticipated in fast reactor systems then this
will have considerable impact on the value of carbon activity at a given temperature.
Extrapolation of data from one temperature to another for example can result in an
order of magnitude spread in carbon activities, depending on the assumptions made. This
situation needs to be clarified as the consequences in terms of reactor operation are
significant. A dimeric species for example would tend for a particular concentration
of carbon to provide a carburising situation in all areas of the reactor whereas the
monomer, for the same concentration, could produce simultaneous decarburisatior/
carburisation process in a working system. Experiments are programmed in the UK to
try and resolve this situation.

Carbon activity - surface concentration

The temperature dependence of the carbon activity (sodium)/concentration (steel sur-
face) ratio has not yet been fully explored at RNL particularly at temperatures below
typical cladding hot spot temperatures. Experimental difficulties have been
encountered at carbon activities in sodium at less than 10"2 because of difficulty in
establishing true thermodynamic equilibrium between the steel surface and sodium
environment under these conditions. The support for a temperature dependence is mixed.
However the expression which is tentatively recommended has the form C = (A +'BT)(ac)

n.
Confirmation of this expression requires loop experiments with carbon activity
measurements at different temperatures coupled with measurements of carbon uptake by
stainless steel tabs exposed at these temperatures. Also the possibility that Cs at
the lower carbon activities could be time dependent also requires further investiga-
tion, although in practical terms the levels of carbon uptake by stainless steels at
these low activities are not too worrying. It is interesting to note that in recent
studies carried out at BNL using the electro-chemical carbon meter to directly
measure carbon activities, the weight per cent carbon in steel-carbon activity
relationship is supported in the range ac = 10~2 to 1.

Carbon diffusion in steels

This has proved to be less intractable than might be supposed because in spite of the
occurrence of simultaneous solid solution diffusion and carbide precipitation pro-
cesses it is found that the carbon concentration profile in steels generally corresponds
to that expected from a simple diffusion model. The nature and value of the diffusion
parameter measured in these circumstances is in some doubt however. Studies by
Agarwala much quoted in US assessments gives values at 550-600°C an order of magnitude
greater than those found in RNL studies. The RNL values are weakly time dependent
and are consistent with those of Agarwa1a(38) at short times; they are also consistent
with some values found by other workers if the time dependency is factored into the
diffusion equation. Nevertheless the empirical equations still require the support
of a more scientifically based model to describe the movement of carbon in stainless
steel. Some effort is being directed to this problem at BNL and RNL to try and improve
the current situation. Certain factors which we feel are important and require
further investigation are detailed in para 6.2.
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There are even greater uncertainties in the exact form of the functional relationship
between activity and concentration for carbon in steels than for carbon in sodium.
Naturally, the activity tends to rise as the carbon content increases. The form of
the relationship is however complicated by precipitation of mixed chromium-iron
carbides (initially M23C6 and at higher carbon content M7C3), by changes in the Fe/Cr
ratio in the carbide with increasing carbon content and by the decreasing chromium
activity in the steel as increasing amounts are incorporated in the carbide. Almost
all activity measurements have been made at temperatures (normally 800 to 1200OC) in
excess of those relevant to a fast reactor in order to achieve in the experiments
acceptably short equilibration times. Several extrapolations of the high temperature
data, either empirical or based on thermodynamic models of the iron-chromium-carbon
system have been made but in view of the large temperature range and the complexity
of the system these can only be regarded as tentative. RNL are trying to rationalise
this situation by carrying out TEM studies of foil and sectioned materials after
exposure to sodium at temperatures of the order of 65O°C. BNL are also carrying out
crystallographic and compositional studies on carbides produced at known carbon
activities.

Carbon levels vs tensile ductility

Although changes in tensile ductility can be used as an approximate guide to changes
in other properties such as creep and fatigue,more work is required to establish the
effect of carbon on materials properties under more realistic stressing conditions.
Also better estimates are required of the levels at which carbon starts to adversely
affect mechanical property behaviour. The current value of 0.2w/o (bulk carbon) which
is used at RNL to define an acceptable upper carbon level beyond which tensile duc-
tility starts to alter is probably an oversimplification of the true state of affairs.
Work is programmed at RNL to look at the effect of carbon on mechanical properties in
more detai1.

It is to be noted that the tensile ductility equations recommended by RNL should not
be extrapolated outside the given carbon range or used to predict ductility changes
outside the temperature range 500 to 650°C.

6.2 Predictions of carbon behaviour in sodium systems

The unsatisfactory nature of the input data and the inherent problems associated with
the monomer/dimer argument makes it difficult for materials scientists to give
designers realistic estimates of carbon movement in sodium systems and the RNL approach
of using the model which provides the most pessimistic answers, although providing a
measure of safety, is far from satisfactory.

To provide a sounder basis for modelling more data are required under a variety of
conditions from bi-metallic and mono-metallic loop systems where monitoring for carbon
movement is carried out using carbon meters and tabs inserted in various parts of the
system. Other experimental parameters which may have an effect on the release and
distribution of carbon in the system such as the metallurgical condition of the steel
and the presence of surface oxide films should also be investigated. In support of
this investigation more information is required on the limits of carbon loss or gain
which can be tolerated in ferritic and stainless steels from a mechanical property
standpoint, and also a better understanding of the kinetics of carbon movement in
ferritic and stainless steels is required. The role played by carbide composition,
morphology and grain size in affecting the apparent diffusion or penetration of the
carbon into the steel should also be included in the assessment.



6.3 Monitoring of sodium systems

Although the materials development remit for LMFBRs is to recommend materials which
retain their properties over the lifetime of the plant it is felt there is still a
need to monitor operating plant to establish to what extent these properties are not
being modified through changes in carbon chemistry of the sodium environment.

In the UK current monitoring techniques centre around the use of carbon meters and
nickel tabs. Unfortunately, a major shortcoming of both techniques is that they
require relatively high temperature to operate satisfactorily. This means that the
temperature at which monitoring occurs may be different from the temperature of the
material under surveillance. Both AERE and BNL are exploring ways of providing
meters to operate at lower temperatures and some successin this direction has been
recorded by both organisations. Essentially, the requirement of the nickel tab is
to pick up carbon sufficiently rapidly to first of all achieve equilibrium with the
sodium environment and secondly to provide enough carbon for accurate analysis within
the period of exposure. On this basis, it would seem that this type of material is
only suitable for use at temperatures above 550 °c. Consequently there is a need
for the development of alternative monitoring materials, which could be used at low
temperatures.

The advantage of carbon meters to monitor the carbon activity of the sodium at various
points in a loop circuit is that in principle they should give an instant and accurate
indication of changes in sodium chemistry which is important when assessing the rate
of carbon pick up by various steels. They should also eliminate other time consuming
operational techniques involving removal of specimens and their subsequent analysis.
Thus in order to provide a better understanding of component behaviour in reactors
effort should be directed to the use of multi-zone specimen or carbon meter facilities
in sodium loops, so that changes observed in one part of the circuit can be confide-
ently related to changes elsewhere. This is said against a background where the
logistics of plant design may only provide one monitoring facility for the whole of
the system.

6.4 Fault condition situations and clean-up of reactor sodium

A better definition is required of what constitutes a fault condition in a reactor
system. Pertinent to this requirement is a knowledge of what levels of carbon
seriously deteriorate the mechanical properties of critical structural components
under realistic stressing situations. The possibility that the products of sodium-
oil reactions may block coolant channels or filters or become long-term sources of
carbon in reactor plant, because they are not immediately gettered by the stainless
steel, requires further investigation, especially as it is fact that accidental oil
in-leakage from mechanical pumps is probably the major cause of concern as far as
carbon ingress into sodium systems is concerned.

In the event of a major fault occurring in the reactor through a substantial in-
feakage of oil it would be recommended on the basis of current information, that plant
temperatures should be reduced below 400°C. Clean-up of the circuit using the cold
trap would then be recommended to remove bulk carbonaceous material. If the cold
trap is not capable of reducing the carbon activity of the sodium to acceptable
values then hot trapping techniques would be required.

In the longer term the economics of commercial fast reactors may eventually dictate
that reactors continue operation with a carbon source in the system. Should this be
so then a demonstration is required that cold traps will maintain low or acceptable
carbon activities in the sodium in the presence of carbon sources. If this require-
ment cannot be met then there is a requirement to develop gettering materials which,
ideally, can be used at low temperatures.
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In support of these clean-up techniques, there is a need to demonstrate that carbon
meters or other monitoring devices can detect the early stages of carbon ingress and
monitor its rate of build-up in sodium systems. For clean-up aspects it is equally
important that they can monitor carbon removal. The possibility that other devices
can be used to measure these changes should not be overlooked and other techniques
such as measurement of CH4 in the cover gas should be explored.

6.5 Reactor surveillance

Monitoring of the PFR primary circuit is to be carried out using Harwell and Berkeley
carbon meters installed in the vicinity of the intermediate heat exchangers. These are
currently being commissioned. Certain removable components such as the fuel pins,
wrappers and surveillance specimens from various parts of the primary circuits will be
checked for carbon gain or loss. The first positive evidence of carbon behaviour will
be from fuel pins and wrappers recently removed from the reactor. The current
intention is to extend monitoring to the secondary circuits and to meet this objective
an instrumentated loop is being installed and facilities are being made available for
the insertion of specimens. Also in support of the more basic studies pre-carburised
stainless steel specimens have been inserted in the core of the reactor to establish
whether irradiation affects the kinetics of carbon movement in reactor components.
Over the long term it is hoped to relate sodium loop findings and theoretical pre-
dictions with effects occurring in the reactor.

6.6 Sodium specification

The quality of the sodium purified at DNE is such that the 'carburising potential'
of the liquid is small, even though it contains l-3ppm carbon. It is felt, for
technological and operational reasons, this specification should be maintained in
future designs. However as a measured carbon level of say 3ppm represents in theory
high carbon potential in a reactor system, the purification route should be monitored
to check the ratio of non-carburising to carburising components in the purified metal.
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INTERACTION OF OIL AND PARAFFIN WITH SODIUM
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A B S T R A C T

This report presents the investigation results on the

kinetics of a gaseous oil pyrolysis product composition change

in the presence of sodium iinde?' static conditions at 35O°C,

55O°C and 700°C as well as the behaviour of oil and paraffin

within the sodium circulating loops.

There are given the calculated estimations of the critical

oil physical state parameters in sodium flows.

Notation

t,n- critical diameter of an oil drop in a flow;

K ) = cr i t ica l diameter of a drop in the wall boundary layer

of a flow;

(t = average diameter of an oil drop;

t-•:, = minimum diameter of an oil drop;

R - radius of a drop;

Ro = initial radius of a drop;

/? = current radius of a drop;

/ =volume of a drop;

Kf = form factor;

pH = density of oil;

C'P/n = thermal capacity of oil;

}[m - thermal conductivity of oil;

2 = heat of oil evaporation;

ym = viscosity of oil;

/\n = thermal conductivity of oil vapour;

6L. = coefficient of oil surface tension;

Oj = density of oil vapour;

£D = diameter of pressure pipe;

LL = average velocity of sodium;

WQ - fluctuating velocity;

t = "time;

P = pressure;

t<£ = temperature of oil arop surface;

L/ja. - temperature of sodium;

/?e = Reynolds criterion;

tO = Fourier number.
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List of symbols used for designating the

components during oil pyrolysis (sigs 1-4),

( H ) = hydrogen;

( • ) = methane;

( I ) = ethane;

( — ) = ethylene;

X
S!
roi
O :
O ;
CD =
cn =



( n )
(J )
( T )

( C )

( r )
( h )

= propane;

= butane and isobutane;

= pentane;

= hexane;

= heptane;

= isopentane;

= cyclopentane;

= cyclohexane;

- unidentified components.

I N T R O D U C T I O N

The interaction of high - molecular hydrocarbons (oil,

paraffin^ with sodium and some conseguences caused by penet-

rating these substances into a sodium coolant of nuclear power

plants is one of the important and at the same time the least

known problems of sodium technology.

Paraffin is used at some manufactures for preserving sodium,

some oils are used in cooling systems and for lubricating centri-

fugal pumps and other mobile devices of a reactor.

Thus, the potential Janger of contaminating a sodium coolant

weth these agents exists both at the stage of filling up a

facility and in the process of its operation. If paraffin may

be eliminated as an unwanted impurity in the manufacture of

sodium, whereas the uae of oil is unavoidable, first of all, in

centrifugal pumps.

in the case of operating in normal conditions the amount

of oil.entering sodium from the gaseous cavities of bearing

assemblies due to a diffusion transfer of vapours along the

gap between a shaft and a pump casing is negligible. The

emergency throw of large amounts of oil into sodium is possible

at the expence of the pressure drop variations befween the

gaseous cavity of the bearing bath and the gaseous cavity of

the pump.

The complex character of interaction between the high -

molecular hydrocarbons and sodium is conditioned by their phy-

sical features and chemical compositions.

. Earaffin represents a technical mixture of solid, at room

temperature, high - molecular hydrocarbons of saturated charac-

ter of normal and isomeric structure.

The composition of oils includes the saturated hydrocar-

bons with normal and branched chains* the alkylated naphthene-

aromatic hydrocarbons, the asphalt-resinous materials.

The interaction mechanism of high-molecular hydrocarbons

with sodium includes both the processes of their pyrolysis

after exposure at high temperatures and the reactions between

sodiun and the products, of pyrolysis.

The effects, which may be caused by these phenomena are

fairly diverse and dangerous for the facility as a whole:

1. The gases released xluring the pyrolysis of high-temperatu-
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re hydrocarbons react with sodium to form a fine-dispersed

readily-transporting suspension of carbon in active £orm

(for example, Na2C2). This results in the increase of a sodium

carburization potential relative to the structural materials

operating at high temperatures.

2. The heavy hydrocarbons in the form of resins can precipi-

tate on the surface of, heat-exchanger eguipment decreasing

the efficiency of heat transfer. At the same time these preci-

pitates provide the constant sources of a suspended matter

and the dissolved forms of carbonbearing impurities.

3. The release of hydrogen may be responsible for a false

operation of the sodium-water steam generator protective system.

4. When some oil passing (penetrating) into the sodium flow

it is quite possible that the two-phase liguid-gas flow is

being formed. The passing of gaseous bubbles through a core

may cause both the changing of the physical reactor characte-

ristics and the deteriorating of heat transfer.

From the viewpoint of overcoming technological problems

it is necessary to possess some mean.? for the e&'*.iy

defection of oil leakage into sodium and the effective methods

of eliminating its after-effects.

These two problems retire a detailed knowledge of the

interaction processes between the high-molecular hydrocarbons

and sodium.

This report represents the investigation results on kine-

tics and yield of the products obtained as a result of inte-

ractions between oil and sodium, as well as the behaviour of

oil and paraffin in-the sodium circulating loops.

THE BEHAVIOUR OP GASEOUS OIL PYROTYSIS PRODUCTS IN THE 38

PRESENCE OP SODIUM UNDER STATIC CONDITIONS

These experiments have been carried out in the ampoules

ofao .Inside diameter of 36 ima and a height of 100 mm made of

1x18HI0T steel. These ampoules were equipped with the thermoco-

uple pockets and the sampler unit having a rubber seal removed

from a heatins region. The assembling of these ampoules (fil-

ling with sodium, inserting of an oil sample) was performed

in a glove box under argon atmosphere.

The gaseous samples,being taken in the process of heating

these ampooles in the electric furnaces, have been analyzed

with the help of a gaseous chromatograph (the analyses of hyd-

rogen and light hydrocarbons) and a massspectrometer (the

heavy hydrocarbons).

In the table 1 are shown the experimental conditions.

In the experiments 1-3 the oil pyrolysis was investigated in

the absence of sodium, in the experiments 4-7 it was done in

the presence of sodium. In the experiment 8 the sampler was
e

shortrned and placed in a furnace heating area at a tempera-

ture of this ampoule. The sealing was accomplished with the

help of an aluminium foil pocket. In the experiment 9 a gassing

from the ampoule walls at elevated temperatures has been chec-

ked. The exposure time for these ampoules was appropriate to

the achievement of such a gaseous phase state a further change

of which could be extrapolated qualitatively.

The initial pressure of argon in the ampoules held at 700°C

accounts for about 1.4 g.atm,in the rest of cases 2.1 g.atm.



As the gaseous phase composition analyses have indicated,

the oil pyrolysis in the presence of sodium proceeds at a

marked rate even at a temperature of 35O°C. Within the 5 hours

about 15% of total oil (figs 1,2) is converted to a gaseous

phase in the form of pyrolysis products being determined by

a chromatographic method. At 700°G within a heating time of

this ampoule (10-12 min) no less than 30% of total oil contai-

ned in the ampoule is converted to a gaseous phase (figs#3,4).

When sodium is absent the rate of gassing for all the investi-

gated temperatures is an ordes of magnitude below.

The chromatographic analysis has indicated the presence

of more than 20 of pyrolysis products including hydrogen. The

Qualitative treatment of chromatogramines has been carried out

only for the first 16 peaks, since the rest of components

been fouaot as traces.

The bulk is composed of the limiting hydrocarbons of

normal and branched structures, then, in a decreasing order

of the content some non-limiting, naphthene and aromatic hyd-

rocarbons are being followed. All of the limiting hydrocarbons

are being detected up to GgH.g inclusive; of the non-limiting

ethylen , propylene and butylene are detected; of the naphthe-

nic ones-cyclopentane and cyclohexane; of the aromatic

ones-benzol and toluene. Some compounds were not identified.

For different members of a single homologous set it is

characteristic a decrease of the content with a growth of the

molecular weight.

When sodium is present a content of the non-limiting

hydrocarbons is sharply decreaced and a concentration of hyd-

rogen is significantly increased in the gaseous products 39

of .pyrolysis. In the process of exposure the hydrocarbons of

a complex composition are subjected to a further splitting.,

the non-limiting hydrocarbons are being hydrogenized. The

secondary reactions in which the prolysis products take part

contain both the homogeneous reactions in a gas phase and

the heterogeneous ones being proceeded on the surfaces of

sodium and the ampoule material.

As a result of the secondary reactions a content of heavy

hydrocarbons decreases and a portion of limiting ones increa-

ses* The ultimate products of a pyrolysis are practically

methane and hydrogen only. A content of methane reaches 95 %

of a total content of hydrocarbons, when recalculating on

carbon, for about 15.hours at 35O°C, for 70 minute at 55O°C

and less than 30 minute at 700°C.

The observed hydrogen decrease being visible after dec-

reasing a concentration of methane at 550°C and at 700°C is

accounted for by its diffusion through the walls of an ampoule.

The time dependence of each component content has a maxi-

mum. In case of the more stable components a maximum concen-

tration is reached later and a content of these in gaseous

phase is being decreased in further more slowly. A maximum

for hydrogen is obtained at the last moment and for methane

as a more stable product of a pyrolysis is obtained previously.

The amount of hydrocarbons in a gaseous phase at a maxi-

mum measures about 25 • 30% of total oil being taken. The

obvious dependence of a maximum content on a temperature has

not been detected. A portion of hydrogen at 35O°C-r 55O°C at

a maximum corresponds to 30 *• 40% of its content in the origi-

nal quantity of oil. At 700°C is value is 2.5 times



lower, this fact is accounted for by a large diffusion loss.

Measurements carried out in the test 8 did not reveal the

influence of an ampoule nonisothermality. •Ihe results of tests

1 and 8 are in line. Some methane traces bein̂ j comparable to

the level of a chromatograph noise have been revealed, when

checking for gassing from the walls of an ampoule in the test 9.

THE BEHAVIOUR OP OIL AMD PARAFFIN UKDJ2R SODIUM CIRCULATING
LOOP CONDITIONS

The experimental investigations of an oil behaviour under

the sodium circulating loop conditions are connected with the

significant contaminations of both sodium and the surfaces

of an equipment and a piping. Owing to this the amounts of oil

which can be introduced into a loop are small and this gives

rise to some difficulties in researching a distribution of the

pyrolysis products in sodium loops. At the experiments perfor-

med in the sodium circulating lopp ai? 420°C a release of hydro-

gen at the dosing of oil into the loop has been investigated.

She measurements of hydrogen concentrations have been carried

out with the help of a hydrogen sensor having a nickel membra-
p

ne (of 0,25 mm thick, the surface area 450 cm , the operating

temperature 4OO-41O°C), the secondary device is a conductomet-

ric hydrogen analyzer.

In the fig. 5 are presented the results of one of the

experiments when 50 ml of oil is introduced into a loop. A

time of appearing a signal on a plateau measures about 3 hours.

The sharp increase of a hydrogen concentration in sodium is

observed as soon as some oil has been supplied into sodium.

After putting into operation a cold trap a concentration of

hydrogen during some hours has attained the value corresponding

to an initial level.

The similar experiments have been carried out using pa-

raffin (each of two dosages counts 25 g). The temperature of

sodium in a loop has accounted for 400°C, the volume of sodium

is 400 1.

In the fig. 6 are presented the measurement results of a 4Q

hydrogen concentration in sodium. In the other set of experi-

ments paraffin was inserted into a facility containing 58 kg

with a gas cavity volume in a dump tank of 106 1»

In the table 2 are presented the experimental conditions

and results. It can be seen that a hydrogen concentration in

sodium when the similar amounts of paraffin are inserted (5g)

significantly depends on a gas cavity temperature. When the

tempetature of sodium is the same (35O°C in the tests 1 and 3)

but the temperature in a gas cavity is differed (35O°C and

25O°C) it can be observed a difference in both a hydrogen

concentration value and a time of its setting.

In the test 3 a hydrogen sensor has showed a negligible

increase in a hydrogen concentration in sodium although these

measurements have been continued for 15 hours. In the test 1

the essentially steady level of a hydrogen content in sodium

is fixed in 5 hours affer paraffin has been inserted. The

chromatographical analysis of gas from a dump tank in 2 hours

after the test 2 has been started shows in a gas cavity the

availability of 0.3% of methane and 0.25% of hydrogen.

The given results indicate that a prominent decomposition

of paraffin proceeds already at 300°C. The essentially comple-

te decomposition of paraffin is being observed for 1«5 hours

at a temperature of sodium and gas cavity of 45O°C.



THEORETICAL ESTIMATIONS OF PARAMETERS DETERMINING A STATE

OF OIL IN A SODIUM FLOW

A speed of proceeding the thermal transformations of oil

being in contact with sodium depends on its physical state

(the deqree of a dispersion, the speed of a drop evaporation

in a sodium).

It should be expected that when oil is flowing into sodium

in a centrifugal pump it is subjected to a dispersion in the

interblade channels and in the flowing passage. The final

fragmentation proceeds in the pressure pipe behind a pump. The

influence of a sodium flow hydrodynamics on a process of the

oil drop fragmentation can be estimated using real facility

parameters [i] .In the table 3 are given the original values

of parameters used in the following disign diagram.

The critical (maximum) size of liquid drops in a liquid

flow is estimated by [2] :

where
'/*

,e/s (1)
#/ • r- / u

The order of magnitude of an average drop size and a minimum

diameter accounts for

5 .•>

drain ~-> fM><£ V * / $~* (3)

where eŝ  in accordance with (2.J is taken to be equal to 5.

The order of magnitude of a critical drop size in a boundary

layer Q .

U^~02U/He is the pulsating speed.
In the table 4 are given the parameters estimated in

accordance with ( 1. - 4) •

It can be estimated, the lifetime of a dispersed oil

phase in sodium using the obtained maximum drop size value.

The oil drop shape is taken as a spherical one; their

mutual influence is not taken into consideration. It is assu-

med too that in the process of an oil drop evaporation these

ones are surrounded by a spherical vapour layer the thermal

conduction of which determines an evaporation velocity.

The heating time of a drop can be estimated considering

that the temperature of a drop surface Lj = const and equals

to the temperature of oil boiling while the drop radius is not

changed. The dependence of an average temperature difference

Ac = Ld ~ £ cp on a time is expressed in terms of:

41

= Tn (n- /,2 ..
where

) (7)

In the table 5 is given the estmation of K depending

on the number Fo . For FQ= 0,5 the underheating of a drop

(t, ) up to the surface temperature accounts for R* 0,5°.cp

The time of a drop warm-up to t,,_ accounts for
cp

The time of a drop evaporatoin estimated on the basis of a



vapour shell formation model ana the corresponding balance

of quantities of heat delivered to a drop and expended in

evaporating can be evaluated as:

» (9)

where q is the specific heat flow which, starting from the

heat conduction condition of a spherical layer, is equal to;

The volume of the evaporated oil, V
evp

(10)

, is connected with

the volume of the vapour layer, Vvap, by the following relation:

V =vap

The ratio of ft, / Pn with regard to the parameters of

sodium and oil is equal to 17.

Prom whence

R't /7 Rf ~ /6 R3 (12)
The simultaneous solution of (9), (10) and (12) results in

the equation;

~ "' ' (13)
o v a

A numerical value of fe for the adopted values of theoretical

parameters accounts for 0,09 sec. As far as the drop size

decrease at evaporating is not taken into consideration in a

solution, the actual time of evaporating will be slightly

below the given value. One should take into account a vapour

layer thickness decrease around drops at the expense of chemi-

cal reactions proceedung at the interface with sodium.

The given theoretical estimations of parameters of the

oil state in soaium give cause to suppose that, at least, the

small amounts of oil when transporting through pipelines will

pass into a vapour phase state. The lifetime of this vapour 42

phase starting from the experimental estimations in the first

part of this report is sufficiently large at 35Q°C in order

to reach the high-temperature zones. When the large amounts of

oil are available^that can move as a continuous mass at the

expense of laminationjits pyrolysis and evaporation are met

with difficulties, therefore, the length at which the conta-

mination of sodium loop takes place will be found large.
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Table 1 Experimental conditions of investigation

on the velocity of an oil pyrolisis pro-

duct composition change in aodium.
43

huhu

of ;
ampoules!

1

2

3

4

5

6

7

8

9

Amount :
of :
oilj mg s

4,7

5.7

4.9

5.3

5.4

6.4

4.9

4.7

-

Amount
of

sodium, g.

-

-

-

5.9

5-4

4.7

4-6

-

-

: Temperature

•

350

550

700

350

350

550

700

350

700

:Time of exposure,
: hours,
•

47.1

13.2

3.8

4.9

20

4.9

1.3

3

- 1t3

Table 2 The test results on a paraffin decomposition
in a sodium circulating facility.

: Temperature °C

of

tests tsodium :gaseous

|cavity

Amount t Time of :Time of
of t signal sgaining
inserted i appearance $95% stable
pataffin, « from moment tsignal,hour,

of insertion:
min. :

t

Duration
of test,
hour.

. Stable signal of a
* hydrogen sensor,

1

1

2

3
4
4

350

450
450
350
300

450

350
450
450
250

230

310

5
-
5
5
5
-

10

-

3
-
-

15

5
1

1.5
-
-
8

13
4
3.5
15
1

16

0.1

0.15

0.3

0.007

0

0.12

Note: Before all the tests, excluding 1', 4 and 4', sodium was refined with the help of a cold

trap up to a hydrogen content in sodium less than 1 * 1Q~^ wt.%. After the tests 1 and 4

have been completed, sodium was not refined with a cold trap and the tests 1' and 41 were

carried out, respectivelyo



Table 3 The numerical valuea of original parameters used

in calculating a critical diameter and the time

of evaporating oil drops in sodium

Description of parameter

G = sodium flow rate in

a pressure pipe;

iD = internal diameter of a
pipeline;

£ya = sodium temperature;

p = pressure in. a pressure

pipe;

y = viscosity of sodium;

A y = coefficient of a drop

shape;

Numerical value

3600 nrVhour

0.5 m

300° C

6 atm

3.87'10~7m2/c

0.55

References

hi

hi

hi

hi

131

IV

SI, - coefficient of oil
surface tension in soaium

(it is taken to be equal for

oil in water);

O = density of oil;

t-x - boiling temperature oi

oil;

VM = viscosity of oil;

M = effective molecular

weight of oil;

A,j = coefficient of oil

vapour heat conduction;

2 = heat of oil evaporation

16 dynes/cm /4/

o.77 el our

200°C

—2 2 —15.10 cm »C~

170 g/mol

0.035 wt/m °C

2.1O5 j/kg

Table 4 The estimated values of drop parameters in

sodium flow.

- 0o16 mm

- 0 .09 mm

- 0.001 mm

- 2 • 10 mm

44

Table 5 Estimation of the K=f(FQ) coefficient.

'<• i 0.01 : 0.1 : 0.2
:

0.5

K 0,675 0.230 0.0847 0.00434 0.0000031
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t'SSOX

Figs. 1,2. The change of a gaseous oil pyrodysis product content
in the presence of sodium depending on time.
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1

Figa. 3,4. The change of a gaseous oil pyrolysis product content

in the presence of sodium depending on time.
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Pig« 5 She change of a hydrogen sensor signal

when oil is supplied into sodium,

|- a cold trap is put into operation.

Pig.6. The readings of a hydrogen sensor obtained

at two subsequent dosages of paraffin (25g.)

inserted into a loop,
o - the first dosage,

A - the second dosage (in 24 hours affer the

first one),

- a cold trap is put into operation.



CARBON IN SODIUM - A STATUS REVIEW OF
THE U.S.A. R & D WORK

J.J. McCOWN, C. BAGNALL
HEDL,
Richland, Washington,
United States of America

Over the past several years, carbon work has not been heavily emphasized.

Most of the R&D studies have centered on improving chemical analysis methods

for measuring active carbon, both by on-line monitors and by metal foil

equilibration procedures; and on studies of pump oil-sodium reactions,

reaction products, temperature effects and oil leak detection methods. One

program at General Electric is investigating carburization-decarburization

in a ferritic-austenitic system simulating conditions expected in sodium

cooled secondary loops.

CHEMISTRY OF CARBON IN SODIUM

INTRODUCTION

Liquid Metal Fast Breeder Reactors contain several types of steel in

primary and secondary sodium systems. Austenitic stainless steels are used

for in-core components, valves, heat exchangers, tanks and fuel cladding in

primary systems. In power generating plants, the secondary or intermediate

heat transport system may contain both austenitic and ferritic steel such

as 2-1/4 Cr-1 Mo type. Sodium circulating throughout the plant contains a

number of impurities, metallic and non-metallic, with the steel interstitial

elements carbon, hydrogen and oxygen being of prime importance. These ele-

ments can affect corrosion rates and mechanical behavior of materials. In

the case of carbon, the sodium provides a transport medium with carburiza-

tion and decarburization occurring in several parts of a system at rates

depending upon temperature and types of steel.

The US Sodium Technology R&D programs have investigated the behavior,

transport, measurement and control of carbon in sodium. Measurement and

control methods for carbon-containing materials which might contaminate

the plant systems during reactor operation have also been studied.

During the early 1970's, several US laboratories were active in study-

ing carbon solubility, activity in sodium and interstitial transfer using

both theoretical and experimental approaches. Modelling studies were done

and models were used to predict FFTF and CRBRP materials requirements,

component design and plant operating conditions.

Prior to 1974, some R&D work in the US investigated carbon chemistry
(1 2\

in sodium. This included studies on carbon solubility, ' ' carbon

activity^ ' and methods for monitoring active carbon in sodium. ' '

The investigation of carbon present in FERMI sodium due to outgassing

of compounds from phenolic resin present in graphite above the sodium pool

led to an analysis for carbon species. ' ; The analysis of carbon impurities
(7 8)

in sodium system cold trapsv ' ' led to the conclusion carbon was present in

at least five forms identified as carbide, cyanide, carbonate, hydrocarbon

and elemental carbon. A study of carbon activity sources in sodiunr ' done

in connection with the development of a carbon meter suggested that carbide

carbon would be a highly effective transfer agent for carbon transfer in

sodium coolant systems at LMFBR temperatures. Cyanide carbon also appeared

to be a good candidate as a transfer agent. The solubilities of elemental
f2 Io•) fin no 121

carbon^ ' ' and cyanide ' were measured and several investigations^ ' '

found evidence that carbonate can exist and indeed was present in reactor

grade sodium.

Very little work was done on the effects of other elements on carbon

behavior other than the observation that oxygen and nitrogen were tied up

in several of the species observed in the investigations listed above. It

was noted ' that oxygen enhanced the carburizing effectiveness of elemental

carbon in sodium. This had been reported by Russian workers much earlier. '

During the field testing of the FFTF plugging temperature indicator, ^

several experiments were done in which small amounts of C02 were added to

X
>
Si
8!



a controlled chemistry loop. Plugging temperatures of 175-245°C (350-470°F)

were produced in the system due to the C02 interaction with 300-600°C sodium.

Carbon activity increases were noted and slight increases in both carbonate

and acetylide levels were measured. Cold trapping the system to 110°C

removed all traces of carbonate and acetylide and returned the carbon

activity and plugging temperature to normal levels. Similar changes in

plugging temperature and carbon activity were noted following a maintenace

shutdown during which sections of pipe containing frozen sodium were exposed

to air for several weeks.

Since 1974, very little work has been done in the US on the investiga-

tion of carbon chemistry. No additional experiments on carbon activity,

solubility or species identification has been done on sodium test facilities

except for monitoring carbon activity levels in the High Temperature Sodium

Facility, in EBR-II and during the fill and startup of FFTF. Carbon activity

levels in all the LMFBR support facilities and the two reactor plants which

are monitored by the metal foil equilibration method are found to be less

than 2.7 X 10" . In general, the activity levels decrease after the system

is cold trapped to temperatures of 110-120°C (230-250°F). In EBR-II, the

activity levels showed an increase in 1976 and 1977 with levels reaching as

high as 4 X 10" . Following the installation of a new cold trap, the

activity levels are again running below the 2.7 X 10" level. The FFTF

support facilities normally ran at less than 1.5 X 10 and the FFTF systems

are holding at 0.5 to 2.0 X 10"3 with the cold traps at 110°C (230°F).

ANALYSIS AND MONITORING OF CARBON IN SODIUM

Chemical Analysis Techniques and Results

Prior to 1973, many analytical methods were used to measure carbon and
I15)carbon species in sodium. They included wet chemical/ ' gas chromato-

(6 16) (17)
graph following hydrolysis/ ' ' Isotope Dilution Mass Spectrometry/ '

(18 (19)
graph following hydrolysis/ Isotope Dilution Mass Spectrometry/

(18 (19)

Low-Temperature Ignition Techniques/ ; Photon Activation/ Spark
(20) (21 )

Source Mass Spectrometry/ ; and an oxyacidic flux method developed

for use at EBR-II. None of these methods were satisfactory for measuring

the "carburization potential" of a given sample with no clear understanding

of which carbon species is responsible for the phenomenon of carbon transfer. 49
(22 )

Indeed several interlaboratory comparisons (round robins)1 ; of carbon in

sodium demonstrated that carbon levels above 10 ppm could be measured but

agreement between laboratories and analytical techniques was not as desired.

From 1967 to 1973, the standard method for measuring carbon in sodium
(23)

at EBR-II was that of doing total carbon by oxyacidic flux/ ' By this

method, carbon levels in EBR-II were found to vary from 1-5 yg/gm. The

carbon level in reactor grade sodium procured for EBR-II, HTSF and FFTF was

also measured by the same oxyacidic flux method and average levels of <10

ppm were obtained with the FFTF values ranging from 0.5 to 15 and the

majority of the batches running <3 ppm. Attempts to correlate the carbon

pickup by austentitic stainless steel samples and the response of a diffusion

type carbon meter with the total carbon found in sodium were unsuccessful/ '

It was generally concluded that studies of the mechanism and kinetics of

carburization and decarburization phenomena in sodium were being hampered

by the inadequacy of conventional methods of determining carbon in sodium.

The wet chemical methods measured carbon particulates and carbon species

not involved in the process. No method was available for measuring only

"active" carbon. This led to the development of metal tab equilibration

methods.

Metal Tab Equilibration Methods

The development of methods for determining carbon activity in sodium

resulted directly from the concern over carbon transfer in liquid sodium

heat transport systems and its possible impact in LMFBR design. Attempts

were made to generate carbon transfer models and measure the influence of

active carbon on the mechanical properties of materials exposed to high

temperature sodium. In the course of such work in the early 1970's, the

US work was concentrated on using three alloys: a pure Fe-18Cr-8Ni type

304 stainless steel/ ' Fe-12Mn^ ' and a commercial type 304L stainless

steel S21*}

In general, the foils were exposed to flowing sodium at 700-750°C for

periods of one day to two weeks in order to measure the concentration of



"active" carbon in both test loops and reactor systems. The relationship

of carbon activity vs carbon concentration in tabs was established for Fe,

Ni, Fe-8Ni, Fe-16Ni, and Fe-18Cr-8Ni by equilibration in CH4-H2 gas mixtures.

The Fe-12Mn relationships were determined by simultaneous equilibrations of

the Fe-12Mn with the other foil materials in sodium. The Fe-12Mn alloy was

finally chosen to be used in a "standard" method since it generally contains

more carbon at a given activity than do the Fe-Ni alloys. This provides

more sensitivity at the low carbon activity levels present in stainless-

sodium systems.

During the early stages of this development effort, the equilibration

method was put into use at EBR-II to measure primary sodium. During 1973

and 1974, five types of foils were exposed to primary sodium using a sampler

developed for vanadium wire oxygen work; namely, the Vanadium Wire Exposure

Device or VWED shown in Figure 1. The results are presented in Figure 2.

From mid-1974 until early in 1977, the EBR-II monitoring was conducted

primarily with Fe-18Cr-8Ni alloy originally procured by Argonne National

Laboratory (ANLr ' since it offered greater analytical sensitivity with

more carbon available per gram of tab. Responsibility for the program was

shifted from ANL to Hanford Engineering Development Laboratory (HEDL) and

a second ingot of Fe-18Cr-8Ni material was procured and compared with data

obtained by Fe-12Mn foils in the Prototype Applications Loop.^^ This work

was primarily directed towards evaluating a Multipurpose Sampler for FFTF

use. The device as shown in Figure 3 was used to do simultaneous equili-

brations of vanadium, scandium and Fe-12Mn for measuring oxygen, hydrogen

and carbon in sodium. Exposures were done at 750°C for 24 hours and the

values compared with on-line meter data as shown in Table 1. When both
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Table 1 SIMULTANEOUS MEASUREMENT OF OXYGEN.
HYDROGEN AND CARBON IN SODIUM
[24-HOUR EQUILIBRATION AT 1382°F]

ppm O2/V WIRE

0.75 (0.70)

2.0 (2.2)

0.63 (0.60)

1.9 (2.0)

ppm H2/Sc TAB

0.10 (0.06)

0.24(a) (0.20) - ENCAPSULATED

0.56 - UNENCAPSULATED

0.09 (0.06) ENCAPSULATED

0.14 (0.12) ENCAPSULATED

CARBON ACTIVITY/
Fe-Mn TAB

0.0024<b)

0.0042(c)

0.0031

0,0019"

(d)

VALUES IN ( ) FROM ON-LINE METERS WHICH AGREE WITH COLD TRAP
TEMPERATURE SOLUBILITY CURVES.

(a) TWO SCANDIUM TABS USED; ONE WRAPPED IN Nj FOIL.
(b) AVERAGE OF SIX SINGLE RUNS 0.0025* 0.0005.
<c) CARBON ADDITION TO LOOP IN FORM OF CO2 IN COVER GAS MADE JUST

PRIOR TO THIS MEASUREMENT.
(d) LOOF CONTAMINATED BY AIR DURING MAINTENANCE PRIOR TO THIS RUN.

CARBON SPECIES CHANGED BY T INCREASE 600°F—1000°F.
(e) NORMAL CARBON ACTIVITY 1.9 * 0.3 x 10"3.

Fe-12Mn and the HEDL Fe-18Cr-8Ni were used, data were obtained which

appeared to ind ica te e i the r mater ia l could be used. In f a c t , both mater ia ls

were tested extensively in EBR-II over the past few years as shown in Figure

4. However, when several d i f f e r e n t batches of 20 mi l f o i l were r o l l e d to

2 mil f o i l from the same s t a r t i n g m a t e r i a l , i t was noted tha t meta l lu rg ica l

d i f ferences occurred. Invest igators at Westinghouse Advanced Reactors
125}

Division (WARD)* and Liquid Metal Engineering Center (LMEC) did compara-

tive tests of the Fe-18Cr-8Ni material and of the WARD commercial type 304L.

It was discovered that the Fe-18Cr-8Ni alloy was martensitic after exposure

at 750°C with a stable structure which was difficult to decarburize. The

alloy would not decarburize in a timely manner which would result in high

values in systems having low carbon activity levels (<2 X 10" ). Further

examination of the EBR-II data plus tests on FFTF confirmed the Fe-18Cr-8Ni

did not decarburize below a fixed level so the use of this material as a

standard tab has been discontinued and work in the last several years has

again concentrated on using Fe-12Mn. The FFTF systems have been monitored

for carbon by the Fe-12Mn methods and the data are shown in Figure 5. The

high carbon values found coincide with periods in which all pumps have

been turned up in power, suggesting some impurities are present as particu-

lates. High iron concentrations have followed a similar pattern.

Recently, several difficulties have arisen in using the Fe-12Mn material.

It was known from the start that Mn losses occurred during prolonged expo-

sures which could result in reduction of carbon concentration in a foil for

a given activity level. Also, the basis for using equilibration times of

24 hours came from data from only a few experiments. Finally, the US

supplier can no longer be counted upon to provide Fe-12Mn in any reasonable

time. As a result of these problems, further tests are underway. HEDL has

recently had several materials prepared containing different amounts of

manganese ranging from 9 to 14%. Tabs of these materials will be exposed

to gas mixtures to remeasure the tab carbon concentration vs activity

relationships. Also, the values obtained as a function of % Mn will be
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measured to establish the effect of Mn loss upon the data. During the

experiments, the required exposure time will be rechecked.

Due to the shortage of Fe-12Mn alloy, HEDL is testing commercial 304L

foil for monitoring FFTF. The behavior of this material in loops at WARD

wasused to establish carbon equilibrium predictive equations for various

reactor locations and components. Its use as the standard foil would make

it possible to use values for carbon activity in sodium to provide carbon

equilibrium concentration values of interest to the reactor designers.

The data in Table 2 comparing Fe-12Mn and WARD 304L tabs were obtained in

PAL and FFTF. The 304L material decarburizes to far lower levels than does

the Fe-18Cr-8Ni material and appears to equilibrate in the range of interest.

To minimize future difficulties, HEDL plans to obtain a new batch of

commercial 304L and cross-check it again both Fe-12Mn and the WARD 304L

material. If the two batches of 304L foil prove to carburize and decarburize co
to similar levels, then 304L material will be used in all future monitoring
work.

Carbon Meters

During the 1960's, a diffusion type carbon meter was developed by

United Nuclear Corp., commonly known as the UNC meter. This meter was

evaluated on sodium loops, first at Mine Safety Appliance, and later at

Betelle Northwest Laboratory (BNWL) and WARD. The ANL work referred to

in several previous sections of this paper also included an evaluation of

the UNC meter output vs carbon activity in sodium. The conclusions of

these studies was that the meter responded to carbon activity changes,

but only at high levels which were not typical of those found in most well

purified loops nor in EBR-II. At the lower carbon levels, the signal/noise

ratio prevented useful measurements. The meter did prove an excellent tool

for measuring carburizing conditions in sodium systems.

Table 2 COMPARISON OF Fe-12Mn AND 304L FOILS
FOR EQUILIBRATION WITH CARBON IN SODIUM
(24 HOURS AT750°C)

SYSTEM

PAL

FFTF

Fe-12Mn
IN FOIL IN

28

30

20

26 12

CARBON

SODIUM

0.11

0.12

0.08

0.11

-ppm
304L

IN FOIL IN

30±2

45 ±10

<10

<10

SODIUM*

0.14

0.18

0.08

0.08

*USES 75 ppm AS CONCENTRATION AT ACTIVITY OF 1



Shortly after the UNC meter evaluations were started, a paper was pre-

sented on the development of an electrochemical meter using a carbonate cell
(25)for measuring carbon in sodium.v ' The ANL work on the evaluation of tabs

and meters for measuring carbon in sodium included tests of the emf type

device. The data obtained in these studies indicated that the measured

emf values approached a limit in the region of lower carbon activites (the

region of greatest interest) and both the BNL and ANL workers found the

meter tended to short out after some hundreds of hours of use. WARD workers

also had difficulties with the carbonate cell type emf meter. Very little

further testing of this type of meter has been done in the US since the

early 1970's.

A somewhat different type of carbon meter was built and tested at
CMANL^ in the course of the tab evaluation work mentioned previously. The

meter shown in Figure 6 used a wustite layer on the interior surface of an

iron diffusion membrane as an oxygen source generating CO and CO2 within

the meter (also used in the UK device). ' The gas pressure increases

were then monitored as a measure of the carbon activity in the sodium.

Data obtained in pot experiments are shown in Table 3. The meter appeared

to offer the advantage of providing an easily detected pressure change for

small activity changes, especially in the low carbon activity levels. It

was noted however that response times were slow, requiring 2-5 days to

reach steady-state pressures. The meter was tested at HEDL to assess its

use for on-line reactor service. In the HEDL experiments, the meter was

found to be too slow in responding to changes in carbon levels and required

too much operator attention in adjusting the wustite conditioning. No

additional test work was done on this meter after 1974.

A second type of electrochemical carbon meter shown in Figure 7 was
CMdeveloped and tested at ANL in the same period.v ' It combined diffusion

and emf principles. It utilized an oxygen-sensing electrode together with

a CO + C02 mixture held at 2 torr (266.6 Pa) pressure. Carbon diffusing

through an iron membrane changed the C0/C02 ratio which in turn affected

the oxygen activity, producing a resulting emf change as measured by a

ARGON-FILLED
C.R. STEEL TUBE

18 In. LONG x Vi in. O.D

ARMCO IRON
CAPSULE. 3.5 in. LONG.

V4 In. DIA x .010-in. OUTER WALL
% in. DIA x .010-in. INNER WALL

(INTERNAL PLATINUM
SUPPORT SCREEN

NOT SHOWN)

I

54
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60 in. LONGx 1/8 in. O.D.

TO ELECTRONIC MANOMETER,
CO-CO2 GAS SUPPLY, AND

VACUUM SYSTEM

• HIGH TEMPERATURE BRAZE

SODIUM FLOW

FIG. 6. ARGONNE NATIONAL LABORATORY (AND
PRESSURE TYPE CARBON METER

Table 3 EXPERIMENTS WITH ANL PRESSURE -
TYPE CARBON METER
(ONE WEEK IN 700°C SODIUM)

SYSTEM

TYPE 200 NICKEL

TYPE 304 STAINLESS STEEL

CARBON ACTIVITY

(MEASURED)

0.171

6.04X10"3

PRESSURE, TORR

(MEASURED) (THEORY)

125.7

4.9

127.0

4.5



CARBON METER
PURPOSE

MONITOR CARBON IN SODIUM

CO-CO 2

IRON MEMBRANE

LOOP PIPE

TUNGSTEN WIRE ELECTRODE

Zr 0,-CaO SOLID ELECTROLITE

NaOUT

Sn-SnO2 REFERENCE ELECTRODE

Na IN
OPERATING PRINCIPLE

CARBON DIFFUSES THROUGH IRON MEMBRANE INTO C0-C02 MIXTURE.
|1 TORR AT 750° C) THIS RESULTS IN CHANGE OF OXYGEN ACTIVITY

F I G . 7 . |N GAS MIXTURE WITH RESULTING CHANGE IN EMF OF CELL

zirconia-calcia tube using a Sn-SnO2 reference electrode. Preliminary tests

with the meter gave good agreement between theoretical and observed emf

values for two activity levels as shown in Table 4. It was found, however,

that at activities less than about 3 X 10"3 (the range of greatest interest)

the pressure must be changed from 2 torr to about 2/3 torr to prevent oxida-

tion of the iron membrane by the CO/CO2. Such oxidation would cause the

oxygen partial pressure in the gas mixture to remain constant as fixed by

Table 4 EXPERIMENTS WITH ANL ELECTROCHEMICAL 55
CARBON METER (ONE WEEK IN 700°C SODIUM)

SYSTEM

TYPE 200 NICKEL

TYPE 304 STAINLESS STEEL

CARBON ACTIVITY

(MEASURED)

.137

.005

Emf, mv

lMEASURED)a (THEORETICAL)

211

93

212

86

3THE TUNGSTEN/TIN THERMOPOTENTIAL IS NEARLY EQUAL IN MAGNITUDE TO THE PLATINUM/
IRON THERMOPOTENTIAL AND OPPOSITE IN SIGN. CONSEQUENTLY, NO THERMOPOTENTIAL
CORRECTION WAS APPLIED TO THE MEASURED POTENTIALS.

the wustite-iron equilibrium. This in turn would result in no response to

changes in carbon activity. In tests on the Prototype Applications Loop,

this meter was also evaluated as an on-line device for reactor service.

It was found to require too much operator attention in pumping out and

refilling the gas space; it also developed leaks in the gas space at the

seal for the oxygen electrode. In addition, it was found to respond pri-

marily to hydrogen changes in the sodium to a degree which masked any

carbon activity changes. No further work has been done in the past four

years with this meter concept.

During the past several years, HEDL has built and tested another
(27\

variation of a diffusion type carbon meter. ' The meter system shown in

Figures 8 and 9 combines features of the original UNC meter and the UK

diffusion type meter and utilizes a high sensitivity helium ionization

detector for the final detection device. In principle, carbon diffuses

through a helical coiled iron membrane (oxidized on the inner surface).

The CO/CO2 mixture then is carried by helium sweep gas over copper oxide

and a gas chromatograph is used to isolate CO2 from other gases and to

measure the CO2 concentration using a helium ionization detector. The

concentrations of CO2 in the meter sweep gas with the probe in 750°C

sodium in a Ni pot are shown in Table 5.



The meter was transferred to the Prototype Applications Loop and was

calibrated using an on-line gas generator. At 100 cc/min helium flow, CO2

levels of <\4 ppm were produced and used in the calibration. The first

measurements over a 12-day period on the PAL loop gave 0.6 ± 0.2 ppm as

the normal level. After the temperature control system on the carbon

SWAGELOX FITTINGS

CONO SEAL FITTING

INGOT now TUBING

0.12S X .017 IN.

FIG. 8.

DIFFUSION CARBON METER PROBE

Table 5 re

STABILITY OF CARBON DIOXIDE CONCENTRATION WITH
CONSTANT CONDITIONS (Ni POT WITH ~5 in. OF SODIUM,
ARGON COVER GAS)

DATE

12/10

12/13

12/15

12/17

12/20

12/22

12/27

12/29

12/31

Na TEMP (OF)

1384

1384

1384

1373

1380

1380

1384

1385

1350

CO2 CONC.

24 (ppm)

23.4

28.9

23.0

18.1

20.4

18.9

19.8

20.7

PURIFIER

He SUPPLY

ruKiricK 1
LN2COOLED f

C METER COIL
IN Na

GAS
CHROMATOGRAPH

STANDARD GAS MIXTURE

FIG. 9. CARBON METER TEST INSTALLATION



meter module was improved, the average level ran at 0.4 ± 0.1 ppm for

several days. During this time, a new steel section in a side loop was

heated from 800°F to 1000°F for the first time and this caused an increase

to 0.6 ppm in the carbon meter output. Several foil runs were made to

correlate the C0 2 level with "active" carbon concentration. The two runs

produced factors of 1/4 and 1/3 in the ratio of carbon in sodium/C02 in

sweep gas.

At the present time, the meter has been automated by addition of

electronic integration and electronic valve switching to control the sample

valve, backflush valve and stream selector valve. The meter probe can be

adapted for installation in the FFTF multipurpose samplers thus providing

continuous monitoring of carbon in the various reactor systems.

PROBLEMS OF CARBON IN SODIUM CIRCUITS

Metallurgical Implications

The overriding influence of a liquid sodium environment on carbon

transfer, and indeed the movement of all atomic species in a heat transfer

system, is that, contrary to thermodynamic predictions, carbon moves from

the hotter to the colder parts of the circuit. The sodium provides the

vehicle for mass transport and will outweigh other factors that would

dominate a static, isothermal system so long as the solubility for carbon

is measurable at the maximum temperature of the loop.

This simple picture is complicated by many factors; these will be

discussed or illustrated from practical experience below. It is a funda-

mental rule, however, that a system will attempt to move towards an

equilibrium condition and locally observed changes will be dictated by

basic thermodynamic considerations. The prevailing carbon activity in
Nathe sodium, Ac must equal the activity of carbon in the austenitic matrix

of the steel, A Y. Carbon transfer is thus controlled by activity ofc
carbon in the sodium, which in turn is dependent upon the presence of

sources and sinks for carbon within the system. Steel surface/sodium inter-

actions and effective diffusion of carbon in the steel (down the activity

gradient) have additional important kinetic influences.

Decarburization

Under normal operating conditions the primary coolant circuit of an

LMFBR will probably contain a carbon concentration in the sodium of about

0.1 ppm. This will result in decarburization at all steel surfaces above

a temperature of about 540°C. Decarburization is defined as a drop in

concentration below a nominal 500 ppm. The rate of the process is ̂ controlled

by many interacting kinetic and physical factors. For example, if the

component is thin-walled in a solution annealed condition, carbon loss

will be relatively rapid and at 700°C surface carbon levels will drop to

50 ppm. A thicker wall, or the presence of cold work will retard carbon

loss since carbide precipitation at the exposure temperature may now occur

more readily. Carbon depletion in this situation is held up because the

carbide particles must first themselves dissolve, before carbon can freely

move through the matrix and into the sodium. This situation is most pro-

nounced between 500° and 750°C. Carbon loss below 500°C, if conditions

for it to occur should be favorable, would not be impeded since carbides

do not form; depletion above 760°C progresses at a rate close to normal

diffusivity due to the fact that carbides themselves, at these higher

temperatures, are relatively unstable. These effects are shown graphically

in Figure 10.

Decarburization, therefore, has its most notable impact on components

in the 600°-700°C range. Carbon depletion will progress with exposure

and may eventually extend through the entire wall. A surface concentration

of 50 ppm, coupled with the loss of nickel will encourage a transformation

of the austenite to ferrite. All austenitic alloys are subjected to this

transformation and all eventually move towards an overall composition

which is 95% Fe. The influence of carbon in this transformation is secon-

dary; its presence will stabilize the austenite to a point, but with loss

of Ni down to 1 or 2 w/o, the change to ferrite is inevitable.

Additional effects of decarburization within the bulk of the alloy

may be of considerable consequence. Alloys, such as type 316 SS, which are

prone to formation of the intermetallic sigma phase at elevated temperatures,

will experience enhanced formation of this compound as carbon is depleted

from the matrix. Sigma, (FeCr) is the stable second phase and forms in
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areas that are suitably Cr-rich and that favor its nucleation. Such sites,

more often than not, are locations where the metastable carbides grew and

ultimately dissolved. A high carbon level in the matrix naturally inhibits

this breakdown stage, while a low concentration will encourage it and promote

widespread sigma formation. Sigma volume fraction in one alloy containing

abnormally low carbon was calculated to be about one third after exposure

at 700°C.^ ' In view of the brittle nature of this phase, a serious

effect on structural integrity may result if it is allowed to form to this

proportion. Sigma formation in solute-hardening alloys below 10 w/o does

not, however, appear to be too deleterious since it does not form as a

continuous grain boundary film, but rather remains as isolated particles

well dispersed throughout the structure. Figure 11 shows the microstructural

development of ferrite and sigma in type 316 SS after sodium exposure at

700°C. Note in this case that absence of sigma near the sodium exposed

surface is not due to a high carbon level in the matrix but to Cr depletion 58

to a point where the matrix composition is more conducive to Laves phase

(Fe2Mo) formation. Molybdenum is an important aid to sigma nucleation

but is essentially unavailable for this purpose in the depleted zone
adjacent to the sodium exposed surface.

MICROSTRUCTURAL DEVELOPMENT OF FERRITE
AND SIGMA IN T316SS
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Carbon loss at higher temperatures, therefore, has considerable effect

on microstructure. At or above 650°C the most notable effect on mechanical

properties will be an increase in ductility and a decrease in creep rupture

strength. In the temperature range where sigma formation is favored

(normally above 620°C) mechanical integrity may be compromised to a more

serious extent.

Carburization

In order for decarburization to proceed, the system must contain a

sink capable of removing carbon from the sodium. In a non-isothermal

system, this is amply provided by cold leg containment and the cold trap.

Conversely, carburization is dependent upon a source.

The two most probable causes for a high carbon activity in the sodium

are contamination of the system prior to sodium fill and an in-leakage of

carbon in some form via the cover gas system or at a mechanical seal in a

pump. In any event, experimental experience has shown that carburization

is rapid (Figure 10) and extends throughout the structure at higher

temperatures (600°C and up). At lower temperatures it is more confined to

grain boundary regions and is, therefore, potentially more damaging with

regard to mechanical integrity. However, the results of extensive studies

at ANl/29^ over the 550°-700°C temperature range show that even with carbon

concentrations in the sodium up to 0.4 ppm, although there is generally an

increase in rupture life and a decrease in minimum creep rate resulting

from the carburization, the degradation of properties is not significant

and will not limit the performance of out-of-core components.

The rapid rate of carburization may be illustrated with two practical

examples. The first involved the measurement of carbon activity with type

304L SS 76ym foil (C=340 ppm) in a mechanical property test loop. Two tests

were conducted at 600°C: one resulted in carburization to 2000 ppm after

234 hours of exposure; the other reached a bulk carbon level of 10,000 ppm

after 122 hours. The microstructural appearance of the two specimens is

shown in Figure 12. The taper section of the higher carbon specimen shows

that carbon distribution is not uniform through the foil thickness after

this exposure. Grains at the foil surface are clearly saturated with very

fine carbide and indeed there is an indication that graphite particles have

formed locally at grain boundaries. Both the rate and degree of carburiza-

tion discovered in these tests were a surprise. The carbon source was

ultimately identified; it was the back-diffusion, of oil vapor from a

MICROSTRUCTURAL APPEARANCE OF
T304SS 76um FOIL AFTER CARBURIZATION
IN SODIUM AT600°C

-^-Ni PLATE
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FIG. 12.



roughing pump, which occurred during a vacuum distillation operation con-

ducted in order to remove sodium from the test chamber.

The second example occurred in a facility used to determine inter-

stitial transfer rates under simulated FFTF conditions. In one experiment,

all 76pm foil specimens carburized over the entire test temperature range

of 450°-740°C. Carburization reached levels of over 4000 ppm at some

locations. Earlier tests support predicted behavior, showing decarburiza-

tion above 550°C to less than 100 ppm at 740°C. Carbon levels below 550°C

showed only marginal increases and were all less than 700 ppm. In the

abnormal run, all the standard tab equilibration measurements taken

regularly throughout the 2000 hrs of the test gave normal values for carbon

in the sodium and, in fact, showed an activity decrease from 2.0 X 10"3

made 120 hrs after startup to less than 1.0 X 10"3 at the end of the test.

An extensive and detailed review of the loop operating and maintenance

history led to the hypothesis that carburization occurred during the first

hours of the run and was due to alcohol residues left in the loop following

a containment welding operation. The hypothesis was tested in subsequent

controlled contamination experiments and these conclusively showed that

even small amounts of sodium/alcohol reaction products constitute a readily

available source of carbon. In conclusion, it is important to note that

in the original experiment, with all evidence pointing to the fact that

carburization was over within the first 100 hours, the ensuing 1900 hrs

under low activity conditions resulted in very limited surface decarburiza-

tion as shown in Figure 13.

In summary, the problems of carbon in sodium circuits are, in general,

not serious. Under normal operation with activities in the 2-3 X 10"3

range, decarburization will occur to about 50 ppm at the highest reactor

temperatures. The formation of brittle intermetallic phases will be en-

hanced, but with appropriate alloy selection and chemistry control such

transformations need not be harmful. Carbon gain in the colder parts of

the circuit will be limited, with most of the carbon finding its way

either into a cold trap or becoming bounding up with surface deposits.

60
MICROSTRUCTURAL APPEARANCE OF T316SS AFTER
CARBURIZATION (<100Hr/740°C) FOLLOWED BY
DECARBURIZATION (1900Hr/740°C)

Ni PLATE

SURFACE
DECARBURIZATION

C = 4,17Sppm

ETCH: 10% CHROMIC ACID
20pm

FIG. 13.



Above 600°C, carburization under activities up to 4 X 10" has been

demonstrated to have no serious impact on mechanical properties. However,

below 600°C and at higher activities, grain boundary weakening at the

surface may be significant so that the fatigue life of a reactor component

is impaired. Carburization is rapid and not readily reversible. It is,

therefore, considered prudent to regularly monitor the "active" concentra-

tion level in the reactor sodium. Once this level rises to 0.3 ppm, steps

would be taken to identify the source in order to prevent severe carburiza-

tion of critical components.

Accidental Ingress

Several means of introducing carbonaceous materials into sodium systems

have been identified and studied. Four main ones are: steel surface con-

tamination; construction debris left inside piping and tanks, such as

cigarettes, food, shoe covers, etc.; oil and oil vapors introduced from

cover gas compressors or seal leakage on sodium pumps; and C02 in air

which leaks into drained systems during maintenance.

1. Surface Contamination

During the fill and startup of the High Temperature Sodium Facility

(HTSF) and FFTF, on-line gas chromatography was used to monitor the argon

cover gas systems. On HTSF during the 200-315°C temperature ascension

testing, ' hydrogen, methane and high molecular weight organic compounds

were detected. It was found that organic material was present in an IVHM

dummy plug. Gas impurity concentrations increased due to thermal decompo-

sition as the main vesssel temperature was increased. Gas samples from the

cover gas regions did not show methane after the startup period. Hydrogen

remained at the <20 ppm level which represented equilibrium between cover

gas and sodium hydride in the sodium frost regions. It was concluded that

HTSF surfaces were cleaner than predicted.

The FFTF primary and secondary cover gas did not show methane nor

hydrogen (<10 ppm) during fill and 200°C operations, but small amounts of

methane were seen when the system was heated to almost 400°C. The methane

found indicated steel surface contamination levels were quite low and less

than estimated from a "clean" surface residue calculation.

2. Construction Debris

A study was made at WARD in which "artifacts" might be left in a

plant during construction were reacted with sodium at increasing tempera-

tures. They included wood, rubber, food and cigarettes. No sampling and

analysis were performed, but all the organic materials tested reacted

completely except for a cigarette filter. It was assumed carbon particu-

lates plus methane and hydrogen were evolved. The FFTF cover gas purity

to date indicates very little, if any, such debris was left in the plant

systems.

3. Oil Leaks - Sodium Pumps and Argon Blowers

At EBR-II methane is monitored continuously in the reactor pri-

mary system cover gas by an on-line chromatograph. Periodically, increases

are noted which have been related to refueling activities. The source of

methane was tracked to oil vapors reacting with sodium as they are intro-

duced from blowers in the argon cooling systems associated with a fuel

unloading machine and an interbuilding coffin. The increase of carbonaceous

material in EBR-II has been associated with several types of anomalous

behavior observed in sodium components. The primary cold trap economizer

indicates changes in heat transfer coefficient as a function of sodium

temperature; an on-line cesium trap plugs up when operated below 175°C

but does not at above 175°C; and a very slow forming plug can be detected

at around 175°C with the EBR-II frit-type plugging meter.

During the design phase of FFTF, an oil-lubricated seal was

chosen to isolate the cover gas above sodium pumps from the atmosphere.

Oil used in this seal is petroleum based type Mobil DTE-24. The reaction

of this oil with sodium was tested briefly at WARD at 455°C and 565°C and

it was found to react and generate both volatile and solid products.

During the design phase of FFTF, an oil-lubricated seal was chosen

to isolate the cover gas above sodium pumps from the atmosphere. Oil used

in this seal is petroleum based type Mobil DTE-24. The reaction of this

oil with sodium was tested briefly at WARD at 455°C and 565°C and it was

found to react and generate both volatile and solid products.
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During the testing of the FFTF prototype pump, some evidence was

found that slight oil leakage had occurred. A study was then initiated^ '

to determine what reaction products can be expected as a function of

temperature as DTE-24 leaks into sodium. The primary objectives of the

tests were to measure the amounts of hydrogen, methane and solids produced

at temperatures of 200 to 565°C and to assess the ability of the FFTF instru-

mentation to detect oil leaks. The apparatus used is depicted in Figure 14.

A molecular sieve column was used to separate hydrogen and methane from

other gases and an OV-101 packed column separated organic molecules. Two

detectors were used, thermal conductivity and quadrapole mass spectrometer.

The fraction of oil converted to methane is shown in Table 6. The con-

clusions drawn from these tests are as follows:

(a) The amount of hydrogen and methane produced increases with

temperature.

(b) Methane is a better indicator of oil-sodium reaction since

there are other hydrogen sources.

(c) Below about 300°C, oil leaks cannot be detected by methane

but enough oil vapor is formed for detection by using a

hydrocarbon analyzer.

(d) More insoluble residue was formed at higher temperatures.

(e) As many as 30 volatile organic compounds are formed at

higher temperatures.

(f) About 25% of all carbon added was converted to residues and

would be expected to accumulate in the reactor pump wells.

During the first year of FFTF sodium testing, no evidence of pump

oil leakage has been found.
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Table 6 FRACTION OF OIL CONVERTED TO METHANE

FRACTION CONVERTED TO METHANE

f 33

RUN
NO.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

SODIUM
TEMPERATURE

(°C) <°F)

205

317

427

427

427

427

538

538

566

566

566

427

427

427

401

602

800

800

800

800

1000

1000

1050

1050

1050

800

800

800

WEIGHT
OF OIL

(mg)

15.1

16.7

21.3

20.8

17.2

17.2

18.0

17.9

8.0

7.9

17.1

10.7

28.1

41.7

CALCULATED

c o & v
fit)

0

0

-

0.82

0.96

0.96

1.79

2.03

2.05

1.70

3.36

0.88

0.67

0.56

INTEGRATION OF
CONCENTRATION

vsTIME
<%)

0

0
-

0.52

0.86

0.88

1.65

1.89

1.89

1.59

2.92

0.83

0.62

0.51

4. Carbon Dioxide - Air Contamination

A number of workers using circulating sodium systems have talked

about problems of air contamination during maintenance work on drained

sodium systems. It is generally agreed in the US laboratories that opening

pipes and tanks for maintenance results in the reaction of oxygen, water

vapor and C02 with sodium films present on steel surfaces. During subse-

quent fill and startup operations, high plugging temperatures are generally

noted until the system is cold trapped.

In the first section of this report, the effect of adding C02 to

argon above sodium was described and it was noted that similar plugging

temperature changes were seen following a maintenance shutdown. EBR-II

experience^' shows similar data after each shutdown of the reactor secon-

dary wherein sodium is drained and the system opened for maintenance.

Plugging temperatures of 200-260°C have been observed following restart

of operations and prior to system cold trapping.

At least two sodium cooled reactors in the US have experienced

the accidental addition of carbonaceous material to the sodium coolant.

The Sodium Reactor Experiment (SRE) at AI was contaminated by a tetralin

leak while FERMI experienced breaks in canned graphite assemblies. To

date, EBR-II and FFTF have not had any such incidents and no evidence of

carburization/decarburization effects have been found during component

examinations.

IMPLICATIONS IN LMFBR'S

During the design of FFTF, materials specifications called for all

steel used to contain 0.06% carbon. This was done to maintain a minimum

of 0.04% in case of decarburization. Fuel cladding was not considered

in this context. No temperature allowances were made with the system rated

for 565°C hot leg temperature. Presently it is planned to operate with hot

leg temperatures of 545°C but this reduction was not made because of carbon

considerations.

In the design of future sodium cooled plants, no special materials

selection or temperature limitations have been made based on concerns over

carbon transfer. Some limitations on operating conditions are planned

as described below.

The instrumentation provided on FFTF for monitoring the changes in

carbon species includes multipurpose samplers for foil equilibrations on

the primary and secondary loops plus an on-line gas chromatograph for

monitoring primary cover gas impurities. The samplers are used to expose

metal foils for measuring active carbon by equilibration techniques while

the chromatograph detects methane and carbon monoxide. Secondary cover gas
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grab samples are analyzed on a lab chromatograph at least once per month.

An on-line carbon meter is available for use in the multipurpose sampler,

but at the present time, there are no requirements for its use.

Operation

The active carbon concentration* in EBR-II is normally less than 0.2
ppm with levels of up to 0.3 experienced during the period from mid-1976
until early 1978. The FFTF systems have been running less than 0.2 ppm with
a few measurements giving random values as high as 0.5 ppm. The present
specification defines 0.7 ppm as the maximum allowable for operating reactor
systems.

For new plants, it has been recommended that the upper limits should

be 0.2 ppm. This is based upon WARD data indicating 0.2 ppm active carbon

corresponds to a carbon potential at which carburization of 304 steel might

occur in some parts of the circuit. If the level reaches 0.2 ppm, the

action recommended involves lowering the reactor hot leg temperature from

950°F to 900°F and checking the plant systems to find out why the active

carbon level has increased. Based on the WARD recommendations, the speci-

fication for impurity limits for operating sodium reactors will be modified-

to indicate that when active carbon levels of greater than 0.2 ppm are

reached, the plant systems shall be checked for conditions which would

cause carbon pickup and the condition corrected.

In the sodium loop and reactor experiences to date, it appears that

carbon levels can be decreased by cold trapping. WARD and HEDL have both

demonstrated that cold trap temperature decreases result in lowering active

carbon levels. EBR-II recently found the carbon level has returned to <0.2

ppm following the installation of a new primary system cold trap. No other

processes have been demonstrated to be effective for controlling the level

of carbon activity; however, very little development work has been done in

this area. Certainly, if massive contamination occurs, then other means

must be employed as was done on SRE and FERMI where hot traps and filters

were introduced into the contaminated sodium systems.

* As measured by foil equilibration for 24 hours at 750°C.
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CONTRIBUTION A L'ETUDE DU SYSTEME
Na-Na2O-Na2CO3-C DIAGRAMME DE PHASES

J.P. MAUPRÉ, J. TROUVE
CEA, Centre d'études nucléaires de Cadarache,
Saint-Paul-lez-Durance, France

RESUME

Le but de cette étude est d'apporter une contribution

à la compréhension du système ternaire sodium - carbone -

oxygène dans la partie riche en sodium. La technique expéri-

mentale de base utilisée est l'analyse thermique différentielle

(ATD) mais elle a été complétée par des trempes, des analyses

par diffraction des rayons X et des analyses chimiques.

Le diagramme de phases que nous proposons implique

que le système Na - Na_O - Na-^CO, - С est un système ternaire

réciproque dont la température d'inversion des couples stables

est 69O°C. Le couple stable est Na - Na2CO3 à haute tempéra-

ture et Na?O - С à basse température.

STUDY OF THE Na - Na g -

PHASES DIAGRAM

- С SYSTEM

ABSTRACT

The aim of this study is to provide a contribution to

the understanding of the sodium - carbon - oxygen ternary system

in the sodium rich corner.

The basic experimental technique used is differential

thermal analysis (DTA) but it has been completed by quenching,

X ray and chemical analysis methods.

The proposed phases diagram implies that Na - Na
2
O - eg

Na
2
CO

3
 - С system is reciprocal ternary system. Temperature of

stable pairs reversal is 69O°C. The stable pair is Na - Na
o
CO, at

elevated temperature and Na
2
O - С at low temperature.

1 - INTRODUCTION

Du fait de ses propriétés, le sodium est utilisé

avec succès depuis de nombreuses années pour le transfert

de chaleur dans les réacteurs nucléaires épithermiques (à

neutrons rapides), du type surrégénérateur. Le carbone

et l'oxygène font partie des principaux contaminants de ce

sodium. La connaissance du système ternaire Na - С - О

dans la partie riche en sodium est donc particulièrement

utile pour le développement des méthodes analytiques servant

au contrôle qualitatif et quantitatif de ces impuretés. Ce

système complexe n'est pas parfaitement connu bien qu'il

ait été étudié dans de nombreux laboratoires, /l à 20/ et

son diagramme de phases n'a pas été établi. Nous avons donc

étudié le système Na - NaoCO,.

A l'aide des résultats obtenus et des données de la

littérature, nous proposons un diagramme de phases pour le

système ternaire réciproque Na - Na20 - Na2CO3 - C,

2 - METHODE EXPERIMENTALE

X
>!
о ;
N3 !
О !
О ;

Les techniques expérimentales que nous avons utili-

sées sont largement décrites ailleurs /21/; nous en rappe-

lons seulement les grandes lignes. Les analyses thermiques

sont réalisées à l'aide d'un thermoanalyseur METTLER TA 1.

Les échantillons, constitués de mélanges Na - Na2 C°3<

Na-Na2C2 et Na - Na20, sont préparés en boites à gants sous со

atmosphère d'argon purifié (teneur en vapeur d'eau et en -j

oxygène 0,3 et 1 vpm respectivement). Ils sont placés dans

des creusets spéciaux avec couvercle étanche fabriqués

avec du nickel, métal qui résiste bien à la corrosion par

le sodium et ses composés.



Les échantillons sont cycles thermiquement entre

25 et 900°C afin d'observer les effets endotherraiques et

exothermiques. Une fuite éventuelle à partir du creuset,

entraînant une modification de la composition du mélange

étudié, est immédiatement décelée sur le thermogramir.e. Les

étalonnages ont été effectués avec les substances de

référence, choisies par l'ICTA . Ceci nous permet des

déterminations de températures avec une précision de

l'ordre de ± 3°C pour des vitesses de chauffage de

8° С min"
1
.

3 - RESULTATS OBTENUS

Nous donnons ci-après les résultats concernant le

carbonate de sodium Na2 CO. et les systèmes Na - Na, CO,

et Na - ^^2° ~ Ы а
2
 C 0

3 ~
 C ; c e u x s e

 rapportant aux systè-

mes Na - Na20, Na - Na- C^ sorrt:- présentés ailleurs /21/.

3.1 - Carbonate de sodium Na, СО,

L'analyse thermique différentielle met en évidence

les deux allotropies signalées par PAPIN /19/ à 349 et

485°C, mais pour des températures légèrement différentes,

respectivement 35О et 48b°C. Le point de fusion est trouvé

égal à 853°C.

3.2 - Système Na - Na-, СО,

С est seulement à partir du deuxième chauffage

que nous obtenons les pics caractéristiques du système

étudié. Lors du premier chauffage, nous observons la

fusion du sodium à 98°C puis un phénomène endothermique

qui se produit aux environs de 77O°C. Ce dernier pic,

correspond certainement à la fusion du carbonate de sodium

car il n'en apparaît pas d'autre, bien que la température

maximale atteinte soit 900°C. Donc, dès le premier

chauffage, la présence de sodium provoque un abaissement du

point de fusion du carbonate et cet abaissement est prati-

quement constant dans tout le domaine de concentration.

Nous verrons plus loin que le diagramme de phase indique

qu'au dessus de 77O°C on a une zone de démixtion en deux

liquides.

Sur la figure 1, nous avons représenté l'allure

des courbes ATD obtenues pour le deuxième chauffage en

fonction de la concentration lorsque cette dernière

varie de 10 en 10 mol % Na. On peut constater qu'il

existe plusieurs pics correspondant à des phénomènes

invariants puisqu'ils apparaissent à des températures

constantes dans tout le domaine de concentration où ils

sont observables.

Les différents résultats obtenus en analyse

thermique différentielle sont donnés sur la figure 2 où

chaque phénomène enregistré est représenté par un point

correspondant à la température et à la composition pour

lesquelles les pics sont observés. Les points ainsi défi-

nis sont reliés par des lignes correspondant à la sépara-

tion des différents domaines de phases. Les lignes poin-

tillées n'ont pas été repérées expérimentalement; elles

résultent de l'interprétation théorique dans le respect

de la règle des phases.

La figure 3 représente le même diagramme volon-

tairement déformé (les proportions température - composi-

tion ne sont pas respectées) afin de bien mettre en

évidence les différents domaines de phases.

La coupe verticale Na - Na, C03 n'est pas une

section quasi-binaire du système ternaire Na - С - 0

puisqu'on constate la présence des phases Na2O (s) et

С (s) dont les points figuratifs ne sont pas situés sur la

ligne Na - Na~ СО, dans le plan de composition ternaire.

Il se produit une inversion des couples stables à 69O°C

selon une réaction de classe II /22/ :



(1) Na2 C03 Na2O (s) (s)

En dessous de 690°C, le diagramme de phases est

donc séparé en deux parties par une ligne verticale pas-

sant par la composition 80 mol % Na car la réaction

de classe II possède la stoechiométrie suivante :

(2) 4 Na (1) + Na„ :3 Na2O (s) + С (s)

Au-dessus de 77O°C, il existe une zone de démixtion

en deux liquides L et L,,. Le liquide L. est riche en sodium

et le liquide L„ est riche en carbonate. Cette démixtion

est liée à la réaction monotectique :

(3) (s).

L'invariant monotectique se produit pour la composi-

tion ~ 35 mol % Na. La composition du liquide L. à la

température monotectique est très proche de 100 mol % Na.

La frontière entre la zone de miscibilité totale à l'état

liquide L et le domaine où existe la démixtion L. + L-, n'a

pas pu être déterminée pas plus que la température critique

(quantité de chaleur mise en jeu, trop faible pour être

détectée en ATD). Entre 100 et 65 mol % Na., GO.,, le liquidus

descend régulièrement de 853 à 77O°C.

Les deux transformations allotropiques du carbonate

à 350 et 481°C se produisent dans le domaine 20 - 1OO mol

% Na2 C03.

A 98°C, il existe une réaction eutectique ternaire :

(4) Na (s) + (s) + С (s)

La composition de 1'eutectique est très proche de

100 mol % Na. Par mesure de simplification, nous avons

supposé que son point figuratif se trouve sur la ligne

Na - Na0C0~ dans le plan de composition du système ternaire

réciproque Na - Na2O - Na2 C03 - C. °°

Pour le système Na - Na 2
 c 0 3 , au refroidissement,

le couple stable haute température ne réagit pas totalement

pour donner le couple stable basse température, en raison

de phénomènes se produisant à l'interface (précipitation

des produits de réactions limitant la réaction) et de

facteurs cinétiques. Ceci explique que le pic 98°C corres-

pondant à 1'eutectique ternaire soit détecté en ATD pour

des compositions en sodium inférieures à 80 mol %. D'autre

part, la surface du pic 69O°C est à peu près constante .pour

les différentes compositions représentées sur la figure 1

alors qu'elle devrait passer par un maximum pour la composi-

tion 80 mol % Na. Par contre, la surface du pic correspondant

au palier monotectique à 77O°C passe bien par un maximum aux

environs de la composition 35 mol % Na.

Nous avons réalisé quelques expériences avec le

four de trempe pour des mélanges Na - Na 2CO 3 . Les

analyses chimiques font apparaître une légère différence

entre les échantillons trempés et ceux qui sont refroidis

à 4°C min-1

II est intéressant de remarquer que dans les deux

cas, nous obtenons de l'acétylure de sodium Na 2C 2 e n

faibles quantités. Il semblerait donc qu'une partie du

sodium et du carbonate ait réagi selon l'équation suivante

(5) 1O Na

et l'autre partie d'une manière plus importante selon :

(6) 4 Na + Na^Oj-

II est étonnant de noter que 1'on observe la

présence d'acétylure de sodium Na2C2 alors que ce dernier

est thermodynamiquement instable et qu'il n'aurait jamais



dû être formé à partir du sodium et du carbonate. Ceci

est à rapprocher de l'observation que nous avions effectuée

lors de l'étude du système Na - Na-^C, /21/ : l'analyse de

l'échantillon après que la décomposition irréversible de

l'acétylure ait eu lieu indique la présence d'un peu

d'acétylure.

Dans les analyses précédentes, la quantité d'oxyde

de sodium est déduite par dosages des ions OH~ et la quan-

tité de carbone est déterminée par différence de masse.

Afin d'avoir la certitude de la présence de ces deux corps

dans les échantillons analysés, nous avons réalisé quelques

expériences d'analyses par diffraction des rayons X.

Les pics correspondant au sodium sont détectés dans

le domaine 100 - 50,5 mol % Na- Pour la composition 35,0

mol % Na, ils disparaissent.

Les pics correspondant au carbonate sont apparents

dans le domaine de composition 84,9 - О mol % Na.

L'oxyde de sodium est présent dans les mélanges

puisque les trois pics principaux sont détectés entre

94,4 et 26,7 mol % Na.

Le carbone semblé également être présent, mais

seulement le pic principal est détecté et avec une intensité

assez faible (cela provient certainement du fait qu'il

n'apparaît qu'une mole de С pour 3 moles de Na~O).

Le maximum d'intensité des pics correspondant à

Na2O et à С se situe bien aux environs de 80 mol % Na

en accord avec la stoechiométrie de la réaction (6).

L'acétylure de sodium n'est pas détecté.

Nous avons également préparé un mélange 85,7 mol %
!^a2<"2 *ïu^ e s t équivalent à un mélange

83,3 mol % Na - 16,7 mol % Na2 CO^ selon la réaction :

Na2O - 24,3 mol

(7) 6 Na2O Na 69
Après cyclage thermique, les spectres de diffrac-

tion des rayons X sont semblables.

Nous avons vu qu'au cours des analyses thermiques,

un pic ATD à 98°C indiquant la présence de sodium dans

le mélange étudié est détecté dans le domaine de composition

100 - 20,8 mol % Na. Par contre, lors des analyses par

diffraction des rayons X, la phase métallique n'est plus mise

en évidence à partir de la composition 35,0 mol % Na. Ceci

est une confirmation de 1'importance des phénomènes se produi-

sant à l'interface au refroidissement lorsque le sodium et le

carbonate réagissent pour donner 1'oxyde et le carbone.

En effet, dans le deuxième cas, le rapport surface / volume

des creusets utilisés , est plus élevé et entraîne une réac-

tion quantitativement plus importante.

3.3 -

Nos résultats, combinés avec les données disponibles

dans les publications nous permettent de proposer un diagramme

de phases pour le système : Na - Na2O - Na2CO. - C. Pour

construire ce diagramme, nous avons tenu compte du diagramme

quasi-binaire de type eutectique simple proposé pour le sys-

tème Na2O - Na2CO. par BOUAZIZ et alii Д1/. Nous n'avons pas

considéré les différentes variétés allotropiques de Na2O et

de Na?C0-, par souci de simplification. Les systèmes binaires

Na-C et Na-Na2O sont de forme monotectique /21/. Nous avons

supposé que le système Na2CO3 - С est un système quasi binaire

de type eutectique simple, puisque nous ne possédons aucune

donnée sur son diagramme. Il est bien évident que d'autres

hypothèses sont possibles mais que dans l'état actuel des

connaissances, il n'est pas souhaitable de compliquer inutile-

ment le diagramme.

Le système ternaire Na - Na2O - Na2C0.~ - С est un

système ternaire réciproque dont le couple stable haute tempe-



rature est Na - Na^CO., et le couple stable basse température

est Na~O - C. La projection polythermique du diagramme sur

le triangle de concentration est représentée sur la figure 4.

Le passage d'un couple stable à l'autre se fait selon

une réaction de classe II à 690°C :

Ref.

(8) L, + Na,CO (s) ""' Na2O (s) + С (s)

Ch

Cette réaction définit un quadrilatère d'invarian-

ce ternaire. La composition du liquide L., , à cette tempé-

rature, est très proche de 100 mol % Na. Nous avons suppo-

sé, pour simplifier, que son point figuratif est situé

sur la ligne Na - Na-CO.,.

Les lignes Na - Na~C03 et Na,0 - С jouent un rôle

particulier puisqu'elles divisent le quadrilatère Na -

Na2O - Na2CO3 - С en deux systèmes ternaires indépendants.

- en dessus de 69O°C : Na -

Na2CO - С

et Na -

- en dessous de 69O°C : Na - Na
o
0 - С et Na

o
0 - C

Dans le système ternaire Na - Na2O - C, il existe

un triangle d'invariance correspondant à la réaction eu-

tectique ternaire de classe I à 98°C :

(9)

La composition du liquide LE est très proche de

1OO mol % Na. Pour simplifier, nous supposons que le point

figuratif est situé sur la ligne Na - Na2CO3.

Dans les systèmes ternaires Na - Na2CO3 - С et

Na - Na
2
CO

3
 - Na

2
O, il existe respectivement un triangle

d'invariance ternaire correspondant aux réactions de classe

I (monotectiques ternaires) :

, Ref
(10)

(11)

LM2

UM2

(s) + С (s)

Ch

Ref
(s) (s)

Ch

Les températures auxquelles se produisent ces

réactions sont comprises entre 69O°C (température d'inver-

sion des couples stables) et 770°C (température du palier

monotectique du système Na - NajCO^). De plus, pour la

réaction (11), la température doit également être inférieure

à 695°C (température de 1'eutectique Na2O - Na2CO3).

Il existe une zone de démixtion en deux liquides qui

traverse tout le diagranme de phase.

Sur la figure 5, nous avons représenté la section

isoplethe Na2O - С pour laquelle les proportions tempéra-

ture composition ne sont pas respectées afin de bien mettre

en évidence les différents domaines de phases.

Seule, la section verticale correspondant au

diagramme Na - Na2C0. a donc été déterminée expérimentale-

ment . Les figures 4 et 5 que nous proposons devront être

corrigées au fur et à mesure que de nouvelles données

seront acquises pour le système ternaire réciproque

Na - Na2O - Na2CO3 - C.

4 - CONCLUSIONS

70

Les résultats expérimentaux que nous avons obtenus

nous ont permis :

- de vérifier que le système Na - Na2~ ---o

est un système ternaire réciproque. La température d'inver

- Na2CO3 - С



sion des couples stables est en bon accord avec les pré-

visions thermodynamiques, (analogie avec le système Na -

NaH - Na2O - NaOH /21/ /23/)

- de proposer une version du diagramme de phases

du système Na - Na2O - Na2CO3 - C.
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CHEMISTRY OF CARBON IN DYNAMIC SODIUM

F. LIEVENS, F. CASTEELS,
SCK/CEN,
Mol, Belgium

ABSTRACT

The. chemU>tA.y otf caAbon in iodiwn ii dz&vubzd by iti chemical activity
me.a&uA.ementb ming alloy monitor. &oi&s>, by iXi bzhavi.oux in the. heat exchange*
o<5 the. Na 2 iodixxm loop a^tzn. 60 000 housu o£ opeAation, and by mzaiuAemznti
with, on-line, mete/a,. E$&oit& touxud thz identification. o$ the canhon chemical
itatzi piz&ent in dynamic & odium, and nzipon&iblz ion. thz canbon chemical
activity anz dz&cAibzd.

Introduction

The transfer of carbon in dynamic sodium is a wellknowri phenomenon. In systems

built from one material, carbon is released in the sodium stream at the higher

temperatures, and deposited from the sodium at lower temperatures either as ele-

mental carbon or in combination with other elements. In multimetallic systems,

rate and direction of carbon transfer depend also on the carbon activity in the

different alloys. This activity is a function of temperature, composition and

carbon content of these alloys.

More difficult is the quantitative prediction of carbon transfer rate, and

the intensity and depth of carburization or decarburization of the structural

materials. The experiments described here will be restricted to the carbon

behaviour in the sodium. Implicit in this description is the subdivision of the

carbon transfer into : a take-up or deposition of carbon by the sodium governed

by the chemical activity of carbon in the sodium with respect to the activity at

the surface of the structural material, and the behaviour of the carbon in the

alloy.

Two quantities naed to be measured. First the carbon activity which is the 75

driving fores for carbon transfer. Next comes the total amount of carbon available

in the sodium and which will become active if carbon is picked-up by the structural

materials. The chemical forms under which the total amount of carbon is present

in the sodium, and the transformation kinetics are interesting, but difficult

subjects.

In this paper we will first give activity measurements obtained with monitor

alloys and with carbon on-line meters. The carbon transfer in a heat exchanger

will be given next as a general description of carbon transfer in a temperature

gradient. Finally efforts to identify the chemical states of carbon will be

described.

Activity determination with monitor foils

In this method thin foils are exposed to dynamic sodium in the temperature

range between 550 °C and 730 °C. The sodium mass flow rate over the exposed

foils was in the range of 0.04 l.s"1 to 0.35 l.s"1, depending on the sodium loop

and experimental set up used. The time of equilibration is a function of alloy

composition, temperature, and foil thickness, and has been derived from the dia-

gram published by Natesan and Kassner (1).

The cleaning before exposure consists in degreasing with aceton, ultrasonic

cleaning in ethyl alcohol and drying in hot air. The cleaning after exposure to

sodium consists in removal of the residual sodium in water, immersion in alcohol,

and drying in hot air. The carbon determination is carried out by destructive

combustion with an induction furnace and measurement of the Carbon oxides evolved.

The corresponding activities have been calculated using the relationships derived

by Bodworth (2), and Natesan (3).

(1) K. NATESAN
Nuclear Technology _T9, (1973) , 46-57. Q

(2) C. BODSWORTH. o
Transactions of the metallurgical society of AIME 242, (1968), 1135-1142. O

(3) K. NATESAN. T.F. KASSNER,
Matallurglcal Transactions, 4, (1973), 2557-2566.
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The alloys used are given in table I. The foil thickness is 50 to 100 um •for

iron nickel, and iron manganese alloys, and 25 to 50 ym for the AISI 304 (DEW 202

and DEW 201) alloys.

The experiments have been carried out to determine the influence on the

carbon activity of cold trap temperature, of the maximum loop temperature, and of

the temperature gradient in the loop. Another set of experiments was aimed at the

influence of the exposure temperature of the foils.

For the first study three maximum temperature of the loop, namely 550 °C,

600 °C and B50 "C. and cold trap temperatures varying between 120 °C and 180 °C

were used. The cold leg temperature was maintained at 380 CC.

In the second study the activity was measured by exposure of foils at 730 °C

and 550 °C simultaneously.

The results of these experiments are given in table II and III. It can be

concluded that for maximum temperatures in the loop between 600 °C and 650 °C,

the carbon activity increases with increasing cold trap temperature. The activity

increases also at constant cold trap temperature with decreasing maximum tempera-

ture in the loop. This is most apparent below 600 °C.

The results obtained as a function of exposure temperature, show higher carbon

activities at low temperature. The activity at 550 CC being 3 to 10 times larger

than at 730 °C. Also two phases alloys (DEW 201) give rise to larger values when

compared with the results obtained with single-phase alloys.

If the activity of carbon and the carbon solubility are used to calculate the

concentration of the active carbon all values found are within 0.02 ppm and

0.2 ppm and are mostly near 0.05 ppm. This observation points to slow kinetics

for the active carbon which remains at a constant concentration and displays an

activity varying with its solubility when the temperature of the sodium is changed.

Chemical analyses on the sodium during these experiments are given in table IV.

The chemical forms detected are at much to high levels to allow the identification

of the active speciss.

Activity survey with on-line meters

Off-line chemical analyses and monitor tabs do not allow to follow the

evolution of the carbon activity, because the loop must be opened at frequent

intervals causing uncontrolled contamination of the sodium. On small loops like

ASL which contains approximately 75 litres, contaminations as high as 20 ppm 78

carbonate have been occasionnally observed. On-line carbon meters avoid this

inconvenient, and have been used to follow activity changes on ASL. The general

trend of the signal from these meters is a slow decrease in carbon activity.

Changes in cold trap temperature are reflected in the carbon activity displayed

by the on-line meters.

On the Mass spectrometric carbon meter, the Masses 12,- 16 and 28 showed a

daily decrease of 3 %. Raising ths cold trap temperature from 150 to 180 °C

decreased the signal by "^ 30 %.

A further decrease of ^ 20 '-. is obverved when the cold trap temperature was

changed from 180 °C to 220 °C.

Carbon transfer in a heat exchanger

Carbon transfer in a temperature gradient is best observed in a sodium-sodium

heat exchanger. From the detailed post corrosion analysis of an AISI 316 L

sodium-sodium heat exchanger after 60 000 hours of operation on Na 2 loop between

680 °C and 240 °C the carbon profiles are given in fig. 1. The surface carbon

concentration is given in fig. 2. The temperature distribution and schematic re-

presentation are given in fig. 3 (4).

It can be seen that, in the upstream, most of the carbon is deposited above

450 "C. In the downstream deposition is highest at the highest temperatures and

is apparently related to the solubility of carbon in sodium.

Two theoretical models (5)(6) have been tested on this carbon transfer, and

their results plotted in figure 2. The ANL model gives the best fit in the up-

stream carbon deposition.

(4) F. CASTEELS, H. TAS, J. DRESSELAERS, A. COOLS and L. KNAEPEN
Proceedings, International Conference on Liquid Metal Technology in Energy
Production, Champion, 3-6 May 1976, 577-533.

(5) A. SHIELLS st Al..
Nuclear Technology, 23_ (1974), 273-234.

(6) R.8. SNIJDER,
Journal of nuclear materials 50 0974} 2S9 274.



Analysis of carbon chemical forms

Carbon chemical states in sodium havs been searched by off-line chemical

analysis. During the first year of operation of the Analytical Sodium Loop,

carbonates, cyanides, carbonyls and carbides have been identified in the sodium1

from the loop. The amounts found are low and do not represent the total carbon

as shown in table V giving the results of some of these analyses. The term

residual carbon covers all carbon forms which are not volatils;after hydrolysis

and acidification, and which are not eliminated by evaporating the water contained

in the resulting sodium sulphate solution, before oxidation with "van Slycke"

reagens. Good candidates for residual carbon are elemental carbon, graphite and

refractory metal carbides.

The maximum loop temperature has been indicated to show that when the tempera-

ture is Kept below 400 °C, most of the carbon is residual carbon. Carbides are

most abundant between 400 and 600 *C. Cyanides are found at higher temperatures.

Carbonate results from atmospheric contamination during the- sampling operations,

and are therefore erratic.

Sampling of sodium for carbon analysis has proved to be irreproducible. „

Large deviations are sometimes observed on sodium samples taken as duplicates in

the same sampler. Since all the determinations are not carried out on the same

sodium portions, the total carbon obtained by the combustion method is not the

exact sum of the chemical forms.

The experiments 1 to 6 were purifications on the sodium by dumping and cold

trapping. It can be seen from the total carbon that cold trapping is inefficient

for carbon. Operation at higher temperatures than 400 °C result in transformation

of the carbon chemical states and deposition somewhere in the loop. Taking into

account the carbon solubility, this deposition will happen in sections at 400

to 550 °C. The carbon profiles in the heat exchanger supports this assumption.

The composition of the carbides has been analysed by gas chromatography and

some results are given in table VI. It is surprising to find such large molecules

as M8C3 and M9C1,. During the hydrolysis of the sample to give sodium hydroxide,

hydrocarbons and hydrogen, it is not impossible that the hydrocarbons are modified.

But the supposition that the higher hydrocarbons are condensations of acetylene

and hydrogen, is not supported by these results j because there is no correlation

between the amount of acetylenide and the other hydrocarbons.

77Conclusions

From chemical analyses it is known that carbon is present in sodium in

several chemical forms. Among these forms Carbonate, Carbonyl, Cyanide, Six

carbides, and residual or refractory form have been identified. These carbon

compounds are relatively stable below 400 °C and will therefore not contribute

significantly to carbon mass transfer, at low temperatures. At higher tempera-

tures like 500 to 600 °C some transformation and carbon activity is to be

expected.

From the solubility curve of carbon in sodium it may be expected that carbon

mass transfer will be located in the temperature range above 360 °C. In this

range significant amounts of carbon can be accepted by the sodium. The increase

in solubility with temperature rise is large and transfer phenomena will .make the

temperature range above 500 °C dangerous, for structural materials.

TABLE I : Composition of monitor alloys (as received)

Concentration in wt %

MLOV

C

W

Oi

HI

tin

Mo

Co

W

V

Cu.

S

P

SI

Hb

U
Sn

Ca

Vb

VEW 202

0.0535

0.0424

n.n
S.33

0.9?

0.30

0.17

0.04

0.04

0.16

0.03

0.034

0.39

0.09

0.01

-

-

-

PEW 20!

0.046

0.041

U.04

8.49

1.12

0.15

0.07

0.01

0.05

0.16

0.011

0.023

0.56

0.03

0.01

-

-

-

Fe & Hi

0.0066

0.0096

0.0025

i.ll

0.0050

0.0025

0.0025

-

-

0.0100

-

-

0.0100

-

0.0100

0.0050

0.0025

-

Fe 10 HI

0.0062

0.002%

0.0025

10.4

0.0050

0.0025

0.0025

-

-

0.0075

-

-

d.0100

-

0.0100

-

0.0025

-

Fe 72 Mn

0.0040

0.0091

0.0025

0.0050

11.2

0.0025

0.0025

-

-

0.0050

-

-

0.0100

-

0.0100

0.0025

0.0025

-

Fe 20 Mn

0.0273

0.0142

0.0050

0.0050

19.0

'0.0050

0.0025

-

-

0.0075

-

-

0.0100

-

0.0200

0.0100

0.0025

0.002

Fe 30 HI

O.OOSO

0.0070

0.0050

30.2

0.0050

0.0050

0.0025

-

-

0.0075

-

-

0.0100

-

0.0200

0.0100

0.0025

-



EXPERIMENT

1

2

4

b

8

10

11

72
tl

tt

75

19

20

CO LP TRAP TEMPERATURE (*C)
(HOURS AT COLO TRAP TEMP.)

T 2

120

no
no

120 [140 h) - 129 [2b h)

1U [140 k) - ISO (26 h)

750

750

750

720

720

720

EXPOSURE
TEMPERATURE

(°C) T,

650

65 7

bbO

bOO
600

600

550

543

530

530
530

TIME
(h)

206

206

206

766

766

m
300

300

937

bOO

bOO

Fe 8 HI

2.3 tO"3

2.8 7O-3

4.2 70"3

7.7 7O"3

2.b 7O-3

5.35 70-'

Fe 20 HI

Fe 20 Un

Fe 72 Mn

Fe 20 Vi

WARP movUXoK

Han&oid monlton.

CARBON ACTIl/IT/
MEASURED By SySTEM

Fe 72 Mn

3.25 JO"3

•*• 7.57 7 0 ~ 2

+ 3.45 J0~ 2

+ 2.03 70"2

+ 9.bb 10-3

* 5.42 7O"3

+ b.44 TO'3

PEW 202
(HEAT TREATEP)

5.28 70~3

3.07 JO"3

PEW 207
(oi /te.ceA.\)zd)

5.32 10- 3

3.89 7O"3

PEW 207
(<w received)

4.43 10-

7.8 JO"2

2.04 70-2

7.62 JO"2

7.40 70"2

78

EXPERIMENTAL CONPITIONS.
EXPOSURE TIME ANP COLD

TRAP TEMPERATURE

25

50

700

200

700

700

h cut

h at

h at

h at

h at

h at

no

no

no

no

120

220

•c

•c

°c

•c

•c

•c

Fe
VEi'l

Fe
PEW

Fe
PEW

Fe
PEW

Fe
PEW

Fe
PEW

S/STEM

20 HI

201 [10

20 Nl

201 [10

20 Ni

201 [10

20 Hi

201 [10

20 HI

20V [10

20 HI

101 [10

'11040

'/1040

'11040

'11040

'11040

'11040

°CJ

°C)

°C)

'0

•o

CARBON ACTIVITY
AT 130 "C

7.77

7.57

7.79

3.28

7.87

2.75

8.27

7.75

5.6

2.89

6.67

7.37

;o-2

?o-2

;o-2

70-*

70-2

70"2

JO"3

70-2

70"3

JO-3

JO-3

70"2

SySTEM

Fe
Fe

Fe
Fe

Fe

Fe
Fe

Fe

Fe
Fe

20

30

20

30

20

20

30

20

20

30

HI
HI

Hi

HI

HI

HI
Hi

HI

HI
HI

CARBON ACTIVITY
AT 550 °C

3.71

5.32

5.84

5.99

3.26

3.79

4.79

2.04

8.43

%.n

70"2

JO"2

70"2

70'2

JO"2

70-2

JO"2

7 0-2

70-2

70-2

TABLE II :

Experimental conditions and measured carbon activities

TABLE III :

Carbon activity measurements carried out at 730 °C and 550 °C

(during single experiment)



EXPERIMENT

;

2

6

8

10

n
15

QMGEH CONTENT

0.64 - 0.55

17.76

3.55

6.7

6.7 - 8.1

4.98

25

22.9

TOTAL CARBON

5.02

5.70

2

3.7

10.9

10

18.1

CARBIDES

0.44

0.S8

0.13

0.16

0.66

0.59

0.76

0.04

CARBON CONTENT

CARBON/L

1.79

1.36

2.56

2.26

not deX.eAtttLne.di

9.12

2.58

7.68

6.62

CARBONATE

3.70

3.J9

7.92

U74

2.82

8.11

0.31

CyANIPE

< 0.07

0.09 .

TABLE IV : Sodium analyses (ppm)

EXPERIMENT

7

2

3

4

5

6

7

8

9

70

77

72

TOTAL CARBON

75.7

7.7

5.2

6.0

77.3

7.7

77.0

3.3

5.8

4.0

0.91

2.6

CARBIDES

0.72

0.72

-

-

-

0.32

3.5

5.0

2.7

2.3

0.48

0.4

CARBONATE

< 0.76

< 0.04

< 0.37

< 0.19

7.73

2.7

20.2

5.75

0.77

2.72

7.83

9.9

CARBON/L

-

-

-

-

-

0.3

7.76

7.25

2.64

7.3

0,46

0.42

CVANIDE

-

-

-

-

-

-

< 0,07

< 0.07

0.045

• 0.05

0.44

0.09

RESIDUAL

9.0

8.1

11.3

7.5

77.3

2.7

-

-

-

-

-

-

MAXIMUM
LOOP TEMPERATURE

400 °C

400 'C

400 "C

400 "C

400 °C

400 °C

400 'C

550 "C

500 "C

600 'C

675 "C

675 *C

TABLE V :

Chemical forms of carbon in sodium (expressed as ppm carbon)



TABLE VI : Hydrocarbons obtained after hydrolysis of sodium

(in ppm carbon in sodium)

EXPERIMENT

C2H2

c2w.

C3HB

C*Ha

CtiHa

1

0.012

0.012

0.041

0.01&

0.022

< 0.01

2

0.013

0.023

0.03B

0.02%

0.019

< 0.01

6

0.21

0.039

0.03?

0.01%

< 0.01

< 0.01

0.040

0.020

O.OU

o.on
< 0.01

0.029

11

0.054

0.015

0.01?

0.010

< 0.01

0.042

Downstream

C (%)

Upstream

0.0
0 10 20 30 40 depth

Fi : Measured carbon surface concentration and penetration depth

versus temperature relationship in up- and downstream positions.
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MEASUREMENT OF CARBON THERMODYNAMIC
ACTIVITY IN SODIUM

F.A, KOZLOV, Yu.I. ZAGORULKO, Yu.P. KOVALEV,
V.V. ALEKSEEV
Institute of Physics and Power Engineering,
Obninsk,
Union of Soviet Socialist Republics

J - carbon flow through sensor membrane
g , cm"2, min" ;

t - time, s;
GJT - sodium flow rate irr/hour, L/hour;

H_ - sensor signal, vol. % CH ;
g 4
Gr - decarburizing gas flow rate through sensor ;

o

T,t - t emperature. C;
t - sensor t emperature;
Gg - sodium flow rate through sensor.
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ABSTRACT

The report presents the brief outline on system of carbon
activity detecting system in sodium(SCD), operating on the
carbon - permeable membrane, of the methods and the results of
testing it under the experimental circulating loop conditions.
The results of carbon activity sensor calibration with the u,s,e
of equilibrium samples of XI8H9, Fe -8Ni, Pe ~12Mn materials
are listed. The behawiour of carbon activity sensor signals in
sogium under various transitional conditions and hydrodynamic
perturbation in the circulating loop, containing carbon bearing
impurities in the sodium flow and their deposits on the surfa-
ces flushed by sodium, are described.

CONVENTIONAL SIGNS

M

N_

Nc,s

- carbon activity in sodium, activity unit;

- carbon activity in equilibrium samples materials,
activity unit;

- carbon concentration in equilibrium samples
material, weight %;

- mole fraction of carbon dissolved in sodium;

- carbon mole fraction conforming to solubility
limit in sodium;

INTRODUCTION

Continuous detection of carbon thermodynaraic activity in
sodium coolant of energy installations with fast neutron reac-
tors presupposes conducting the following main functions; :
- Control of carburization sodium potential with reference to

construction materials;
- Control of sodium coolant accidental contamination by carbon-
bearing impurities, for example, as a result of oil leakage from
a centrifuginal pump cooling system.

Performing these functions under the monisothermal loop condi-
tions has specific features which on the one hand depend on
construction and operating parameters of detectors and on the
other hand - on the condition and behaviour of carbon-bearing
impurities in sodium.
In the constructions of basic types of devices of continuous
carbon activity detecting in sodium, being developed in various
countries, carbon-permeable membranes are used, which either
act as the main sensor (diffusion cells) or are the barriers ><
separating an electrolite from sodium (electrochemical cells)
/1-2/.

In both cases for higher carbon flows through the sensor
membrane to be brought about, they must be installed in special
zones with a sodium t/emperature 7OO-75O,S°C. In this connection
the question arises: how we can determine the carbon activity in
loop zones with a temperature below 700°C, using high-temperature
sensor reading. The interpretation of detector reading

o
ro
o
o
CD



is yet more complicated in the case when the content of carbon

in sodium exeeds its solubility limit at loop nominal tempe-

ratures (350-400°C).

Even with the carbon content levels being of the order of

ppm's, its basic mass is contained in sodium in the form of a

dispersed phase. The local levels of carbon activity under the

nonisothermal loop conditions would be determined in this case

by the physical-chemical processes conjunction (Particle solu-

tion, conversion of some forms of carbon-containing impurities

into others, mass-exchange of suspension - earring flow with

the loop walls, solutions of deposits on the walls).

The detailed consideration of the mentioned problems is in

a special report.

Here much attention is given to the dependence of carbon acti-

vity on its concentration in sodium. Along with this some illu-

strations of the carbon activity sensor signals character under

the condition of transient temperature - and hydroflynamic regi-

mes in the sodium loop, containing deposits on the walls and

particles in the flow are quoted.

DISCUSSION OP EXPERIMENTAL INSTALLATION CONSTRUCTION

The sensor of the carbon activity detecting system in

sodium (SCD) was installed on the bypass of the main experimen-

tal sodium loopSID heater, its diagram and detailed description

being given in reference /3/.

The diagram of SCD in showm in Fig.1.

The SCD sensor is made of armco-iron with a wall 0.5 mm

thick. The membranes surface is 150 cm . In some experiments

in front of the sensor the source was placed, representing a

cylindrical vessel, filled with graphite powder (the remains

of graphite fragments being screened through a 50-mesh grid).

To prevent the powder sweeping out into the loop it was isola-

ted with 50-mesh grid in the inlet and outlet of the source

i th a metal-tissue gasket over the powder layer. The

sodium passing through the powder layer was carried out 84

from the bottom upwoids. Behind the souree the samples of

the Pe-8Ni, Pe-|2Mn, XI8H9 foil were placed. The analogous

type samples were installed also in a special chamber, pla-

ced directly behind the sensor.

The mixture of 5...10 yol.% HU in Ar or He before enter-

ing the sensor line is moistened up to 0.5-1$ VOl» H-O

(vapour) in the humidifier filled with oxalic acid dihydrate.

In the sensor water vapour reacts with the carbon dissolved in

the membrane forming carbon monoxide. Further the gas enters

the catalytic converter, in wMch in the presence of hydrogen

the carbon monoxide conversion to methane on nickel takes place

at t=420°C, the degree of conversion is 98$. The concentration

of methane is measured on the gas chromatography flame-ioniza-

tion detector both continuously and discretely. Plow rate and

pressure of the gas in the sensor lines are stabilized by the

corresponding regulators. Purification of the initial gaseous

mixture fed into the sensor, is conducted on the freezing-out

trap, cooled by liquid nitrogen.

CARBON ACTIVITY DETECTING SYSTEM CALIBRATION (SCD)

Carbon transfer from the sodium, flushing the sensor mem-

brane outside into the decarburizing gas medium is multistage.

The carbon transfer rate is determined by the full resistance,

in which reactive resistances on membrane surfaces may play a

significant part. A carbon flow through the sensor membrane

being calculated in the assumpt/ion that a transport resistance

corresponds to the carbon diffusion stage in the membrane mate-

rial at its zero concentration on the surfase, flushed by gas,

is a rough characteristic of carbon activity in sodium. The

above circumstances require the use of some "absolute" mBthods

of achieving correlation of the values of the flows being

measured and carbon activity in sodium. The equilibrium sample-

standard approach is such a method , which is itsef of special

interest for the purposes of measuring carbon activity in

sodium.



In calibrating the SCD sensor its stationary signal was
compared to the values of carbon activity in sodium, which
were determined with the use of the samples of the foil
XI8H9, Fe-12Mn, Fe-8Ni, exposed under the conditions identical
to the conditions of the flow flushing the sensor membranes
(identical temperatures, roughly identical sodium rates).
After being exposed during the time sufficient for the carbon
equilibrium distribution between the sodium and samples materi
al ( 30 hours) to be established, the samples were quenched
for "freezing" the equilibrium passing through the chambers
increased flow of cooled sodium (300-400°C). A Typical curve
of samples cooling is represented in Pig.3. Inac attaining
the temperature of 35O-4OO°C in the chambers, the sodium was
drained out of them into the loop dump tank. The chambers
were cooled for 3-4 hours up to room temperature after which
their opening and samplesextraction was carried out. The
samples primary processing was performed with ethyl alcohol,
the final prossesing flushing in the solution of 5% nitric
acid, in ethyl alcohol, then in distilled water, alcohol and
again in distilled water. The calculation of carbon activity
in the samples material, based on the determined by the
chemical analysis methods carbon concentrations, was performed
for XI8H9 and Fe - 8Ni alloys according to Nateson-Kassner
equation /42. For the temperature 75O°C taking into account
the material composition, it was reduced to the form:

For XI8H9

0.0480c1 • exp (0.232GM + 0.713) (I)
c

M

F o f Fe -8Ni

= 0.04-8 Cc
M- (2)

For calculating carbon activity in the Fe- 12Mn samples
was used the equation;

A? - -f.4-3 - Cc
(3)

The constants of this equation*; were obtained on the basis J5
of the concentrations experimental values in the XI8H9 and
Fe - 12 Mn samples and the activities, estimated values (from
equation (I)) in the XI8H9 samples for two test series, in
which the XI8H9 and Fe -12 Mn sample were kept under the iden-
tical conditions.

The conditions of conducting the experiments in calibra-
ting SCD and the chemical analysis results are listed in
Table I.

Experiments 1-2 at low levels of carbon activity (without
the source) were conducted on the condition of continuous
sodium purification in the loop by means of a cold trap opera-
ting at 12O-13O°C. Experiments 3-5 were conducted at the pre-
sence of the dissolved carbon source

at the entry into the SOD sensor.
In experiment 4 sodium fiow rate through the source was

somewhat lower than in experiment 3, but in test 5 - it was
higher.

The calibration results are listed in Table 2. The depen-
dence of the sensor signal on the activity as it follows from its
graphical representation (Fig.4-) is close to linear. The
calibration coefficient value Kg = A /J is equal to 1.6*10
activity unit-cm *min/g. that is roughly an order lower than
the Kp = L/D*Co coefficient value, occuring in the assumption
that the carbon diffusion through the sensor membrane material,
at the zero carbon concentration on the surfase flushad by
gas, is the limiting stage.

The difference between the carbon flow estimated values
through the membrane and the experimentally measured ones is
accounted for by the non-fulfilment of the suggestions lying
in the basis of the assumption that carbon concentration on the
membrane surfase flushed in gas, and resistances on (sodium-
armco)/(armco-gas) boundary surfaces are not equal to zero.



_RELATIOIISHIP_EffiTpEN_CARBON ACTIVITY..

AND CONCENTRATION OP SODIUM-DISSOLVED CARBON

The Henry low i s u sua l ly assumed to be f u l f i l l e d for
carbon s o l u t i o n in sodium a t i t s low c o n c e n t r a t i o n s .

N c / N c , s C4-)
The regularity of ratio /4/ extrapolation into the range of

high sodium-dissolved carbon concentration values needs expe-

rimental check. In the additional experiment with a dissolved

carbon source mentioned above there was performed the analysis

of correlation between the total amount of graphite dissolved

in the source and the activities obtained over the source ope-

ration period.

The initial graphite amount in the source was 200 g. In

the sodium at a temperature 75O°C passing through the source

during 203 hours, 170 g of graphite was dissolved. The sodium-

dissolved carbon activity levels controlled by a diffusion

carbon activity sensor and with the use of equilibrium samples were

0,50; 0,37;, 0,30; 0,29; respectively for 33,66, 71 and 29 hours.

The total amount of carbon P which could be dissolved dur«-£ng

the source operation period was estimated in the form:

* - wNa *

Concentration of the carbon dissolved in sodium at the

corresponding value of activity, was calculated from equation

/4/. The estimated amount of the carbon P dissolved in the

source was 165 g. The result obtained shows that the solution

of carbon in sodium within the test accuracy follows the Henry

low even at activities levels as high as 0,3-0,5.

The additional evidence in favour of this are the results

obtained in the experiments conducted in parallel with calib-

rating SCD, and are listed in Table 3. In the given case one

of the chambers connected in series with the dissolved carbon

source, the one intended for equilibrium samples exposure,

operated at 75O°C. The second chamber located at the distance

of 2.5 m away from the first one - at 700°C. On the basic 86

of the above assumptions the dissolved carbon source in the

sodium flow at 75O°C provided 27 ppm in experiment I and 2\

ppmjin experiment 2 respectively. The given concentrations are

below the limit of carbon solubility in sodium at 700°c,

which according to /5/ is 37 PP«> . Thus on the condition that

the Henry low fulfilled here carbon activity in a sodium flow

must be 7.3*1O~ in experiment I and 5.5*10" in experiment 2.

The carbon activity values measured with the use of the samples

Pe - 12 Mn and Fe - 8Ni are very close to the mentioned above.

SCD SIGNALS INTERPRETATION AT TRANSIENT REGIMES IN

PRESENCE OP CARBON-BEARING IMPURITIES SUSPENSIONS IN SODIUM

The presence of carbon-bearing impurities in sodium (and

their deposits on the circulation loop wallB) influences the

values and character of SCD signals modifications under the

transient hydrodynamic and temperature conditions.

These conditions occur when bringing the sensor to operating

parameters from the low temperature condition (starting condi-

tions) with hydrodynamic perturbation in the loop having the

form of sodium flow impulse modifications or at sudden tran-

sitions from one value of flow rate to another. The SCD signal

modifications observed at transient conditions are qualitatively

represented in Pig. 5a)-e). The basic parameter of the SCD

signal modifications becoming available is the sodium flow rate

through the bypass on which the sensor is installed. Pig.5

presents the conditions of the sensor going to the operation

temperature 750°C. The initial signal at the sensor temperature

400°C corresponds to the background due to the presence of

carbon dioxide in the decarburating gaseaes mixture and is

10~6-10"5vol% CH4-

Beginning with the moment when the sensor temperature is

as high as 6OO-65O°C at low values of sodium flow rate through

the sensor bypass (0.07-0.1 m^/hr) instances it is an order more



then the background) followed by its drop up to a certain con-

stant value during 1-2 hours. At large values of sodium flow

through the sensor bypass (0.5 m /hr and more) at the sensor

coming to the operating temperature conditions the smooth mo-

dification of the signal from the background value to a cer-

tain constant value occurs, Pig. 5 b/.

A possible reason explaining the behawiour of the SCD

signal shawn in Pig. 5 a) is accumulation of the carbon-bearing

impurities deposits layer on the sensor bypass pipelines walls

and in the sensor itself as sodium is pumped through at a low

temperature. Ehe deposits layer appearing at the expen-

se of mass-exchange between the sodium flow and the channel

walls in achieving a high temperature starts dissolving thus

creating a sertain local level of carbon activity in the sodium

flowing through the sensor. At high values of sodium flow rate

through the sensor the dissowing of deposits layer does not

result in the appreciable increase of the activity level in the

sensor capacity. At short-lived impulse hydrodynamic perturba-

tion in the circulation loop which were carried out by means

of switching off and on an electromagnetic pump or short-time

abrupt increase of sodium flow rate through the pump dump tank,

with low sodium flow rate through the sensor the SCD signals

modifications presented in Pig. 5c) was observed. Signal

growth is observed in 0.5-1 hours from the moment of perturbation

and lasts as long as 0.5-2 nours after which it is observed

to decrease to the initial one or somewhat higher value. In the

case of the main flow perturbation tobe followed by insignifi-

cant flow rate modification through the sensor, alternative

peaks with the height decreasing with time were observed.

One can assume that with sudden sodium flow rate modifica-

tions in the circulation loop a sertain amount deposits being

fed into the sensor and its pipelines in the form of various-

sized particles is flushed away. Small fraction of carbon-

bearing impurities suspension remains in the suspension and

when dissolving causes the occurrence of the first peak.

Larger particles deposit on the sensor body surface thus in

87
dissolving creating the increased level of dissolved carbon

concentration within the region of their localization. Insigni-

ficant fluctuations of sodium flow rate may results in the

change of the dissolved carbon mass-exchange conditions between

the flow and the near-wall layer, which in some instances cau-

ses the occurrence of additional activity peaks registered by the

sensor. At large sodium flow rates through the sensor (Pig.5d)

the like phenomena are not observed. The figure similar to

case 5 a) occurs with the step character of sodium flow rate

modification through the sensor, Pig. 5 e) which is also succe-

eded by the sensor temperature decrease as a result of priming

with a larger flow rate sodium through the heating section of

constant power. In the case when the step flow rate modification

through the sensor was performed in the absense of perturbations

in the loop accompanied only by the flow rate through the heating

section being constant (the sensor had a controlled bypass not

shown in Pig. I) at the constant sensor temperature, SCD signals

modification was not observed, Pig. 5 c), including the case when

turning to low flow rate ( ca 70 1/hr).

The results obstained show that the system of carbon thermodynt

namic activity in sodium of the given type may be used for

controlling the sodium carburizing potential in reference to

structural materials. However the interpretation of its readings

as applied to various sections of the loop requires a close

approach, taking into account both the general level of carbon-bear:

ing impurities concentration in sodium and the hydrodynamic

conditions of the loop and SCD operation.
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Table I. Equilibrium samples exposure conditions and

results of their chemical analysis, (tempera-

ture of sensor and chambers 75O°C).

N° of :

experi-:
ments

I

2

11°. of:

exam- :
pies .

I

2

I

2

iixposure:
period
hour '

120

110

110

Carbon

Fe -12Mn

0,7

0.7

0.7

0.7

concentration

JFe - 8Ki j

0.3

0.3

0.3
0.2

weight fa.

XISH9

5
5

5

5

3

4

5

I
2

3

I
2

3

I
2

3

33
33
33

33
33
33

33
33
33

49
49
50

67
65
67

39
39
39

20
21

20

26

26

26

14

14
15

192
194

252

254
255

168

170

170

Table II Results of SGD Sensor Calibratoin
(Sensor Temperature 75O°C)

_-. — — — — „___„.__ ,„_„,_ , _ _ _ _ _ _ _ ——___«_«__„«._«,___—__——___.—_ _ _ _

Wo.of . Decarburating mixpure con-.Sensor signal. Carbon flow. Acjj-_
c^rbon activi'ty

tests ; sumption through sensor [ H g | \ ̂ ^ * P e _ 8 M \

1 1.50 3,4 10~3 0.3036 10~2 4,9 10~2 5.3 10~2 4..9 10"2

2 1.50 3.4 10~3 0.3036 10~2 4.9 10~2 4.4 10~2 4.9 10~2

3 1.38 0.29 0.237 3.7 3.8 2.9

4 1.33 i 0.42 0.3325 5.2 5.0 4.5

5 I»4I 0.22 0.1845 2.9 2.8 2.5
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Table 3 Carbon Activity Modification in Sodium as
a Function of Temperature

: '' *BxpoBure s Pe - 12 tai "* Fe - 8 Mi
Ho. of *.Ho. of JSxposures :Periodj h o u r :• ft #

tests 'samples * temperature: :Cf . ^ r f - Ci<. «»0 " *c t , W ^ I O | Q L * 10
: i i i i i i_

1 49 20
1 2 750 33 45 37 21 38

3 50 20

. 1 1 81 30

2 700 33 82 73 32 72

1 39 14
2 2 750 33 39 29 14 28

3 39 15

2 1 £G 22

2 700 33 67 57 22 54



Fig. 1. SCD Diagram.

1 - Bulb of decarburizing mixture (5...10 vol.^ EL in He or Ar);

2 - bulb of calibratiog mixture (£v&t:» Hg+ 0.01vcl.% CO in Ar);

3 - gas flow rat.e regulator ; 4 - sorption trap; 5 - humidi-

fier; 6 - gas flow rate regulator? 7 - carbon activity sensor;

8 - converter; 9 - chromatograph; 1.0 - foam flowmeter;

11 - heating section; 12 - source of sodiutn-dissowed carbon;

13 - chambers with samples.

90

Pig. 2. Source of Dissolved Carbon.
1 - equilibrium samples

2 - graphite powder

3 - grid

4 - metal tissue
5 - branch pipe for powder filling

700

500

300

\

\

\

- II 1

« T, *
. 3. Temperature Curve of Equilibrium Samples

Cooling.
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?ig. 4. Results of Carbon Activity Diffusion Sensor

Calibration in Sodium.
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Pig. 5. Chatacter of SCD Signals Modification under Transi-

tion Conditionsr

a),b) - Sensor Coming to Temperature Couditions.

c),d) - Impulse Perturbation of flow rate in the loop.

e),f) - Step Modification of flow rate through Sensor.



NOTES ON THE HARWELL CARBON METER (HCM)

R.C. ASHER, T.B.A. KIRSTEIN
AERE, Harwell, Oxon,
United Kingdom

1. Operating Principles

The sensor of the HCM is an iron membrane, generally in the form of a helically

wound tube, the inner surface of which has been oxidised to form an iron

oxide film. When immersed in the liquid sodium, preferably in the temperature

range 500-650°C, the outer surface of the membrane will rapidly achieve the

same carbon activity (a,,) as the sodium and carbon will diffuse through the

iron. When the carbon reaches the inner surface it reacts with the iron oxide

to form CO and C0? which are swept away by a flow of inert carrier gas. Thus,

<xr at the inner surface of the membrane is maintained close to zero. In this

way there is produced across the membrane a carbon activity gradient. The

rate of diffusion of carbon through the membrane and the resulting flux of

CO + COx are directly proportional to a_ at the membrane outer surface and,

by the same token, directly proportional to a in the sodium. The rate of

production of CO + C02 is measured continuously by passing the carrier gas

through an analytical unit.

2. Details of Analytical Unit

The heart of the Analytical Unit is a Flame Ionisation Detector (FID). This

analytical device was selected firstly because it is very sensitive to traces

of compounds containing C-H bonds and secondly because its sensitivity is

virtually specific to such bonds. However in case of the HCM the gas being

studied contains carbon in the form of CO and C09 rather than C-II bonds;

therefore a catalytic reduction process (using a ruthenium catalyst) converts

CO + C02 to CH. before analysis. The analytical unit and the efficiency of

the catalyst are periodically checked and calibrated by injecting CO at a known

rate into the eystem through a calibrated leak. A simplified flow diagram is

shown in Fig 1.

Means are provided for re-generating the oxide film periodically by passing no

air through the membrane tube at its operating temperature. Under normal HCM

operating conditions this regeneration is required only at intervals of several

months; however if the sodium under examination contains high hydrogen levels

regeneration may be required more frequently. The need for regeneration is

normally indicated by a rapidly falling output from the FID. If this is

observed re-oxidation for a few seconds will quickly reveal whether the fall

in output is due to a genuine fall in cu. If not, a longer re-oxidation for

a maximum of 3 minutes will build up the oxide film to a satisfactory thickness.

The calibrated leak is calibrated before installation by a gas chromatographic

technique, the primary standard being a dose of carbon monoxide at a known

pressure from a fixed volume. There has been no evidence for a deterioration in

the calibrated leak during long periods of operation; any fall in the apparent

output from the calibrated leak has always been associated with a deterioration

in the FID performance and when the FID has been cleaned the apparent output

from the calibrated leak has returned to its normal value.

3. Automatic Operation

Early models of the HCM incorporated manually operated gas valves but the

current models make use of air operated valves actuated by magnetic valves.

This opens up the possibility of fully automatic operation of the day-to-day

mnning of the HCM , i t s calibration under microprocessor control and the

automatic processing and recording of the data. Such a system is now in an

advanced state of development, i t makes use of a Commodore PET coirmuter J> !

interfaced to the HCM via a MOUSE* module. ^
o:
O ;
CO =

"MOUSE (Microcomputer Organised for Users) is a microcomputer in the standard)
Harwell 6000 series of modules which provides a number of ways for users to
incorporate microcomputer based data acquisition control and data processing
facilities into the 6000 series systems.



In the f irs t stage of the operation the gas leaving the membrane of the

first of two HCMs is valve d td the FID. The signal from the FID (converted

to frequency by a Voltage-to-Frequency-Converter) i s continuously examined by

the PET/MOUSE system. When the signal has stopped drifting (the permitted

rate of drift can. be selected via the PET keyboard) i t is recorded and

simultaneously the HCM membrane temperature (also converted to frequency) is

also recorded. If the FID signal continues to drift after a predetermined

time the signal i s recorded but a note is made that i t is 'unsteady'. The

programme now valves-out the first membrane, valves-in the second membrane

and repeats the process of recording the FID signal. The third stage in the

process is to valve-in the calibrated leak, thus giving a calibration of the

analytical unit. Finally the zero reading of the FID system is determined

with both HCM membranes valved-out.

This cycle ( i . e . Membrane 1, Membrane 2, Calibrated Leak, Zero) i s

repeated continuously under computer control with a cycle time of, typically,

2 hours.

The programme calculates ou (HCM), displays i t on the PET VDU, and

records the data in more detail on, for example, a printer. A simple

addition to the programme would enable i t to multiply. a,,(HCM) by the cat ibra-
see Section 14) C

tion factor F (given by equations "., 5 anii 6 / thus converting the results
to <x_ (Nickel Tabs).

Test Facilities

HCMs have been tested in a number of sodium facilities at UKAEA establishments,

at Harwell (AERE), Risley (RNL) and Dounreay (DNPDE).

(a) Stirred pots (Harwell)

Two stainless steel pots (capacity 1 litre and 2 litres respectively)

were built into the floors of inert gas glove boxes. Each pot was fitted

with a flanged lid (scaled with '0' rings and oil or water cooled) through

which two or more HCM membrane tubes entered via stand pipes. A heater

external to each pot controlled the sodium temperature in the range 500-750°C

and the sodium was stirred inductively by means of an oil or air cooled

stator of a three phase motor surrounding the pot and furnace. The carbon 93

level in the sodium could be changed by means of carbon sources (carbon

steel rods) or getters (zirconium foil) inserted after removal, of the

flanged lid in the glove box.

(b) Sodium loop (Harwell)

A pumped 'isothermal' sodium loop (capacity ** 60 litres, flow rate — 5 litres

minute) was fitted with two HCM membrane tubes installed through flanged

standpipes into a test section comprising a vessel — 1 8 cm diameter,

-— 120 cm long. A means of varying the carbon level in the sodium (carbon

steel rods in a by-pass vessel which could be valved into the main sodium

flow) was provided but not used; there was no provision for cold trapping.

Tests were carried out at 585°C.

(c) Sodium loops (Risley)

Field t r ia l s on HCMs have been carried out by A. Thorleyet al using

two loops, Rig 4 and Rig 7,

Rig 4 has a capacity of <^12 litres and a flow rate of —

0°C in/ a test

2 litres min ;

the IICM was operated in the range 490 C - 750°C in/ a test section, and the

cold trap was typically 130°C.

Rig 7 has a capacity of --20 litres and a flow rate of •~ 5 litres min" ;

in this case the HCM was operated at 650°C and the cold trap has been as

low as 105°C.

(d) PFR primary circuit (Dounreay)

Two HCM membrane coils are installed in the primary circuit sodium pnol

of PFR reactor. They are subjected to the flowing sodium as it leaves the

reactor core but before it reaches the IHX. No separate provision is made

to control the temperature of the sodium in the region of the membranes.

Operation as a carbon meter is therefore achieved only when the temperature

of the reactor sodium is high enough (i.e. above ~ 480°C); the temperatures

of the membranes are measured by a number of thermocouples in their vicinity.

Details of this HCM installation and the provision for replacing failed



membranes (a facility which it has not yet been necessary to use) are

described elsewhere (The Harwell Carbon Meter; Engineering Aspects of its

Installation in the Primary Circuit of PFR. AERE R.8296).

5. Calculation of the Meter Output

If it is assumed that the mode of operation of the HCM is as described

in Section 1 i.e. that the rate controlling process is the diffusion of carbon

through iron, then the carbon activity <x is given by

aC
W 1 1 . F(M)
V * A ' DS * .(1)

where W is the atomic weight of carbon (12)

V is the gram molecular volume (22400 cm )

t is the thickness of the membrane (0.025cm)

A is the membrane area (cm )
2 -1,D is the diffusion coefficient of carbon in iron (cm s~ )

S is the solubility of carbon in iron (gm cm" )(note'unusual units)

L is the calibrated leak rate (cm sec" )

F(L) is the FID reading from the calibrated leak} arbitrary

F(M) is the FID reading from the HCM ) units

This is generally simplified to

ac = K A • Fa) (2)

where K = f . ± 12 x 0.025
22400 DS

Consequently K cannot be calculated accurately. Fig 2 shows the range of (jj

values of K calculated from the extreme values In the literature for D and S. Also

shown is the relationship between K and temperature assumed for the HCM calibration.

This particular relationship was selected somewhat arbitrarily early in the

development programme on the HCM. In the absence of an up-to-date critical

assessment of the values of D andt S, and for the sake of uniformity, there

has been no attempt to revise this assumption with respect to K. An attempt

to overcome this difficulty and the uncertainty about K has been made by

calibrating the HCM with respect to nickel tabs, (see Section 12). It would

appear from this work that an accurate knowledge of K is not essential since,

at least at low values of a(;, the HCM does not operate in the ideal fashion

implied by Equation (l).

6. Membrane Design

In the case of the first membranes produced, the objective was to obtain the

highest practicable rate of diffusion of carbon through the iron, i.e. to make

the thickness t small and the area A large (equation l). This is conveniently

achieved using commercially available mild steel tube of outside diameter ~ 0.3cm,

wall thickness 0.025cm. About 10m of such tube, having a surface area of
2

'"1000cm was formed into a helix ̂  5cm diameter supported on a slotted stainless

steel frame for the PFR carbon meter (in fact, two membranes were wound, as a

two-start helix, on the same former). Laboratory trials used a helix of *~ 10cm

diameter, containing ~̂ 6m of tube having an area of "-600cm and supported by

nickel wire.

These membranes gave performance^ which were more than adequate, provided the

operating temperature was not exceptionally low (as it was in PFR). Moreover

the performance of proprietary Flp units has progressively improved over the

years. Therefore there has been a tendency towards membranes of lower surface

area and the possibility of using a helix —2.5cm diameter, containing only
o

— 1.5m of tube, surface area.— 150cm , is being examined; this would give a

more compact sensor and also would make it easier to minimise any possible effects

of boundary layers (see Section 15 ).

Unfortunately the literature values for D and S cover a wide range and indeed

often have to be extrapolated to the temperature range of interest.

When membranes have been installed in pots or test sections which were provided

with flangcdlids it was a simple matter to carry the membrane tubes through



standpipes in the flange and, for example, to use 0 ring seals at the upper, cool,

end of the stand pipe.

The alternative has been to install HCMs in-line in existing loops. In this case

a 'Standard HCM vessel' has been used. This is a stainless steel vessel

•— 30cm long, ̂ --ncm diameter with domed ends, and, for ease of draining,it is

best mounted vertically. Sodium enters axially at one end and leaves at the

other (the direction of flow is unimportant) via tubes -~2cm diameter. The

vessel contains two HCM membranes, each consisting of 6-8m of tube, wound into

a two start helix -vlO cm diameter and held by nickel wire onto a stainless

steel frame; the membranes enter and leave the vessel through four standpipes

("-0.6cm diameter) at the upper end and are sealed into the standpipes by edge-

welds. Thermocouples and trace heating are provided.

7. Nature of the oxide film

WUstite (FeO) is reported-(see the Corrosion and Oxidation of Metals by

UR Evans, Pub. Arnold 1960) to be the iron oxide.stable on an iron surface at

above about 570°C; at lower temperatures Fe 0, appears to be the stable form.

We can only speculate at present as to what happens when carbon, diffusing

through the iron in the HCM, reaches the oxide film. Are the oxides of carbon

produced at the iron/iron oxide interface? If so do they penetrate the oxide

film via cracks and crevices? Alternatively does carbon (or oxides of carbon)

diffuse through the iron oxide lattice, finally to be released as gas at the

outer surface of the iron oxide;

8. Composition of the SweepGas

The flow-rate of the argon sweep gas is normally in the range of 30-60 ml sec

A HCM membrane immersed in sodium having an apparent carbon activity afi

(HCM) = 2 x 10" at 500°C gives a carbon monoxide concentration in the

sweep gas in the range 0.5 - 2 ppm. As similar concentration would be

given by sodium having an apparent carbon activity ou (HCM) of 1 x 10

at 630°C.

9. Operating Experience

The general reliability of components in the HCM analytical unit has been

satisfactory and the only major components which have needed significant

servicing or replacement are the pump providing compressed air for the FID 9b

and the FID electrometer.

Experience with the membranes themselves is as follows:-

Sodium Pots

Over the last six years there have been at least 4 HCM membranes

operating virtually full-time and for 3 of these years there have usually

been 6 membranes in full-time use. No membranes have failed. The

majority of membranes were in use for more than 12 months.

Sodium Loops at Harwell

Two pairs of membranes have been used at S85°C. The first pair

were a prototype design and were removed, without failure, after four

months. The second pair survived without"failure for 40 months and the

loop was then shut down.

Sodium Loops at Risley

One pair of membranes have been operated in rig 4 for 322 days at

620°C followed by 446 days at 500°C and there has been no failure.

In rig 7 three pairs of membranes have been used. The first pair

failed after 260 days at 635-640°C; failure was caused by severe

oxidation of the membrane resulting from air in leakage through a compres-

sion coupling, a feature which has now been eliminated. Of the second

pair, one failed within a few days but the others survived for 393 days

at 635-640 C. The precise site of failure, which was obviously quite

large, has not yet been positively identified but it appears likely that

it was in the stand pipe through which the membrane entered the vessel

and that it resulted from the difficulty of doing a weld in this situation

without damaging the membrane; the manufacturing method has now been

modified to minimise this problem. The third pair of membranes in rig 7

has been in use for 51 days without sign of failure.



10. Operating Temperature

The original intention was that the HCM should operate in the temperature

range 550-650°C. In practice the useful temperature range has been found to

o rather wider; detectable outputs have been observed as low as -v480 C ,

provided the membrane area is large (•vlOOO cm )t and some trials have been

carried out satisfactorily at 750°C.

11. Response Time

to
Theoretically the response time of a HCM/changes in a depends on

(a) the time required for diffusion through the membrane to adjust to a new

equilibrium rate and (b) the time required for the resulting changes in

composition of the sweep gas to reach the analytical unit.

The first factor can be estimated from the "characteristic time1 t given
2 2 **

fey *c = t /ft D> Equilibrium is approached exponentially with time but for

practical purposes it can be assumed that equilibrium is reached after a few

units of tc, say 4tc> Approximate figures for 4t are:-

Temp °C

4t_ mins

500 550 600 700

100 44 16 4

The second factor, the time taken for the gas to flow along the pipe,

depends on the flow rate and the length of the pipe. Under typical conditions,

with the flow rate 50 cc min~ , this time is only ~2 mins even when the pipe

is 25 metres long. This delay is therefore insignificant compared with that

caused by the rates of diffusion through the membrane, except at very high

temperatures.

Several experimental demonstrations of the response time have been

carried out. Fig "3 shows a typical example at 600°C. Firstly the carbon

activity in the sodium was increased considerably by introducing a number of

carbon steel rods into the sodium and it is seen that the HCM output increased

very rapidly. This part of the experiment is.shown on an expanded time scale

in Fig 4 and it is seen that the HOI required only about 50 minutes to respond

to the new level of ctc. The meter clearly responds rapidly to changes in

a.c but, since the net rate of addition of carbon to the sodium is not known,

the response time could not be determined accurately. Even if the unrealistic

assumption is made that the addition of carbon to the sodium resulted in an

instantaneous change to the new carbon activity then the apparent response

time is still no more than an hour or so; the calculated figures for 4tc

given above would imply even more rapid response. This speed of response

is perfectly adequate for monitoring purposes in sodium circuits in reactors

and loops.

Also shown on Fig 3 is the effect of reducing the carbon activity. This

was achieved by replacing the carbon source (carbon steel rods) with thin

strips of zirconium which acted as a carbon getter. As can be seen, there was

the expected rapid decrease in the HCM output. (The slight increase in the

HCM output which occurred even when the zirconium getter was introduced into

the sodium is a result of the accidental introduction of small amounts of

carbon-rich sodium compnunds when the sealing device at the top of the sodium

facility was disturbed.)

12. Calibration vs nickel tabs

It is clearly desirable to calibrate the HCM in absolute terms. This is

exceedingly difficult and the best compromise which it has been possible to

achieve in any systematic way so far has been to calibrate with respect to

nickel tabs. It is accepted that there are expe rimental and theoretical

difficulties in the use of nickel tabs which could result in their not giving,

in the strictest senee, an absolute determination of carbon activity. In

particular there are possible deviations from Henry's Law for carbon in nickel(particu-
larly

at low temperatures and concentrations )and the effects of trace impurities of

strong carbide-forming elements (e.g. Si, Ti, Zr); we believe that these effects

are trivial and we have some experimental and theoretical evidence that

as much as 400 ppm of titanium in nickel does not significantly effect the

behaviour of the material when used as a tab.

It may appear somewhat surprising therefore that the reproducibility of

results obtained using nickel tabs has rarely been better than a factor of 2 and

that there are a number of instances where reproduciyilty is even poorer. The

reason for this relatively poor reproducibility has not yet been identified.



Nevertheless our initial aim was to obtain a preliminary calibration curve of

the HCM vs 'absolute' carbon activities and non-reproducbility of this magnitude

is relatively unimportant. This objective has been achieved using nickel tabs

The tabs (either 50u or 125̂ . thick) were exposed to the sodium in close

proximity to the HCM membrane being calibrated. Exposure times (e.g., at 500°C,

5 days for 5O)i material and 30 days for I25u material) were always adequate to

ensure that the carbon level in the nickel was very close to the equilibtium

value; the carbon conditions in the sodium, as indicated by the HCM, were, held

as constant as possible during this period. After exposure the tabs were removed

from the sodium under conditions which ensured rapid cooling and the excess

sodium removed by washing with ethanol and water. The analysis of the carbon

level in the nickel was done by y activation and was organised by J. Hislop

(Environmental and Medical Sciences Division^; about 30% of the nickel was removed by

etching before the radioactivity level was measured, thus overcoming problems of

surface contamination. The carbon activity was calculated assuming that Henry's

Law was obeyed and that the solubility of carbon in nickel is that recommended by

Natesan and Kassner (Met Trans 4 2557 (1973).

13 Discussion of Calibrat ion Results

The ca l ib ra t ion factor F i s defined by

P = q(Ni)
a HCM) (3)

where <x(Ni) is the carbon activity determined by nickel tabs
(see Section \2)

and a(HCM) is the carbon activity determined by the HCM
(see Section 5)

F is plotted against oc(HCM) in Fig 5 (for 600°C) and Fig 6 (for 500-520°C).

Fig 6 shou's that F is quite low, generally in the range 1 to 5, over the

range of aHCM from 1 down to VLCf3, rising slowly as oHCM falls . Below aHCM

= 10 ~3 the rise in F is more rapid and F is as high as 15-25 at aHCM = 2.5 x 10 .

Fig 6 seems to show a similar behaviour at 500-520°C except that the 5/

increase in F occurs at rather higher values of aHCM. It may also be significant

that F has a greater tendency to be less than unity at 500-520°C than at 600 C.

I t must be emphasised that these conclusions are based on results which

show considerable scatter. In particular, at 600°C, there are four rogue

results indicating values "of F in the range 10-22 when aHCM is as high as

2 x 10~2 to 2 x 10" . It seems likely however that these rogue results are

caused by some aspect of the nickel composition, exposure or analysis which

so far has not been identified.

If these rogue results are ignored the picture is relatively clear.

The explanation of the results is however a matter for speculation. Firstly

i t must be said that values of F cannot be considered to be absolute; many

assumptions have to be made (e.g. diffusion coefficient of C in Fe, solubility

of C in Fe, membrane dimensions, solubility of C in Ni and i t s Henry's Law

relationship etc.) If the correct assumptions are made and if the mechanism

of operation of the HCM is as outlined in section 1, then F should be unity.

It i s gratifying therefore tha't often F i s close to unity especially at high

values of aC. This implies that the assumptions made are approximately correct

(or that the errors tend to be self-compensating) under these conditions; the

fact that F is often less than unity could be due merely to small errors in

one or more of the assumptions.

The two facts which need explanation are, firstly that F rises "exponentially"

as aHCM falls and secondly that the rise is more rapid at 500-520 C than at 600 C.

These points are discussed in Section l§.

14. Mathematical relationship between calibration factor F and a„
' • • ' " * C

An important objective has been to develop a fully automatic HCM operated

under microprocessor control and giving i t s output in terras of <x_(HCM). For

this purpose i t is useful to have available a mathematical relationship

between F and a-(HCM).

The experimental results at 500-520°C seem to follow an exponential

form and the 'least mean squares' relationship obtained was



F = 0.05 exp (-1.99 log1() a(HCM) ( 4 )

At 600 C the results, although s t i l l basically following an exponential

form, seemed to show a better f i t to a log-linear relationship above a_(HCM) =
O

0.003 but were exponential at lower values of a .
C

The two relationships are:-

F = 0.057 exp (-1.60 log <x (HCM)) above « (HCM) = 0.003 . . . . . (0)
1V/ L> C

and F = 0.046 - 1.29 IOK o-(riCM) below a_(HCH) = 0.003
1" 0 C

( 6 )

I t must be emphasised that those three relationships are strictly empirical

and i t is not implied that they have any theoretical or mechanistic significance.

i!>* The Controlling Mechanism

The operating principle of the HCM, as described in Section 1, assumes

that the rate controlling mechanism is the diffusion of carbon through the

iron membrane. This assumption i s almost certainly not s tr ict ly true.

Indeed, the fact that the calibration factor F increases rapidly when a (HCM)

is low could well be a result of a change of rate-controlling mechanism.

Nevertheless F is reasonably constant and fairly close to unity at high

ap(HCM) values and this probably implies that the rate controlling mechanism

under these conditions is , as assumed, the diffusion of C through iron.

We are looking, therefore, for an alternative rate controlling mechanism

which takes over when a_(HCM) is low; there i s also an indication (Section 13)

that the change in rate controlling mechanism occurs at higher a (HCM) values

at 500-520°C than at 600°C.

Some processes which might be rate controlling are discussed below;

the l i s t is not exhaustive^.

(a) Boundary layer diffusion. Diffusion of carbon-bearing species

from the bulk sodium, through the sodium boundary layer to the

iron-sodium interface must be a step in the overall process

Preliminary experiments in one of the sodium loops at Risley

suggest that this is not a rate controlling effect, with the

geometry and flowrate typically used.

(b) Surface reaction at the sodium-iron interface. There i s current

discussion as to whether the predominant carbon species in

sodium is monomer or dimer and how this predominance varies with

carbon activity, temperature etc. Presumably the dimeric form

has to dissociate at the sodium-iron interface before i t can

diffuse into the iron. However any"rate controlling effects from

this mechanism should be more important at higher values of a
C

(where presumably there is a greater tendency for the dimer to

be important) rather than the low a range; therefore this

mechanism does not appear to provide an explanation for the

increasing values of F in the low o range.
C

(c) Diffusion through surface layers. There is evidence from the

operation of HCM's in the sodium loop at Harwell that surface

deposition (of chromium and/or nickel compounds) can occur on the

surface of the iron membrane. However this is apparently serious

only when the sodium contains high oxygen concentrations, as it

did in this particular loop, since it was not provided with a

cold trap.

(d) Diffusion through the iron. Diffusion of carbon, presumably as

single carbon ions, is assumed to occur through the iron lattice.

The contribution of grain boundary diffusion, if any, is unknown.

Samples of iron tube of different sources and different impurity

levels give HCM outputs which are similar in magnitude,. However

occasionally significant and unexplained differences of a factor

of two or three are observed.

(e) Interaction between the carbon dissolved in iron and iron oxide.

The way in which this interaction occurs is, at present, a topic

of speculation.
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(f) Escape of oxides of carbon through the oxide film. We do not

know how this happens (see also Section 7) but presumably it is

most likely to become rate controlling when the rate of diffusion

of carbon to the iron/iron oxide interface is high, i.e. when <%„

is itself high. If this is true it would not provide an explanation

of the rapid increase in F at low values of a .

To summarise the deviation of the behaviour of the HCM from "ideal"

behaviour at low values of ot_ can be illustrated schematically and

qualitatively by figure 7.

For the system to behave ideally at least two conditions have to be

fulfilled. Firstly, a_ in the outer surface of the iron must be

exactly equal a in the sodium; secondly, cu in the inner surface of

the iron must be zero. In practice, because of the combined defects of

boundary layer diffusion, surface deposits and interface reaction, ct_.

in the outer surface of the iron is less than in the sodium, let us say

a c (Na) - A . Similarly, because of the interface reactions of the

iron/iron oxide interface, the difficulty of transporting oxides of

carbon through the iron oxide and because the carrier gas itself may

not be of zero carbon activity,' an in the inner surface of the iron will

be A instead of zero. Therefore the activity gradient through the

instead of a (Na); consequently theiron will be cu (Na) - A t

rate of diffusion, and in turn the HCM output will be reduced by the
ratio

(Na) - fo)

j and A are small this effect will itself be insignificant at high

values of a.,. A 1 and A will doubtless decrease as oc_ is decreased but

it is not difficult to imagine that they will decline relatively slowly

so that the effect on the ratio (equation 6) becomes progressively

greater as a~ decreases. This would have the effect that F would

increase as a_ decreases, as indeed observed. Ultimately when <xr (Na) -

A. +^o the output from the HCM would cease; this situation would of

course be approached asymptotically. The indication therefore is that

there may be a lower limit to the carbon activity which can be determined

by the HCM. The experimental figures for F suggests that this lower

limit is in the range 10~4 at 600°C to 10~3 at 500-520°C.
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ANALYSIS AND MONITORING OF CARBON IN SODIUM

F. LIEVENS, C. PARMENTIER
SCK/CEN,
Mol, Belgium

whicft is vary close to that of Longson and Thorley.

ABSTRACT

Chemical ancdly&te a&ed by SCK/CEN at Hoi Belgium, in the catbon maii

tnani&en. itudiu include on-line activity mea&uAementi, and o^-llne canbon

deteAmlnatloni on iodium iamplei and on alloyi equilibrated wsith the. ca/ibon

activity In the. loop iodwm.

¥oi canbon activity meaiuAementi e^oJiti viete directed to the. de.velopme.nt

o$ EMF and delusion type canbon tnetesu. The MoniXoA. tab technique wai u&.d

(Jo/t calibration.

Chemical o^-llne analyiei weAe developed ion identification and m~ unement

o£ total canbon and ̂ 01 caAbon chemical itatei in the ppb Kange. Analysed

chemical &tate& ate Catbidei, Canbonatei, Canhonyl and Cyanide.

Introduction

For the solubility of carbon in sodium Longsan and Thorley (1) have published

ths relation :

7.20 -
5465

m
for the temperature range from 600 "C to 950 "C. In 1973 Ainsley et Al (2) con-

firmed by establishing the relation :

5970

102
In these relations the temperature coefficient is very large. If the carbon

solubility is extrapolated to the temperature range used in fast breeder reactors

and in experimental sodium loops, activities covering 6 decades are to be expected

as shown in Table 1.

TABLE I : Solubility of carbon in sodium

LOOP PART

Cold tfuxp

Cold, section

Hot section

loop hot iectlon

TEMPERATURE

UO °C

U0 'C

360 "C

550 °C

700 °C

SOLUBILITY IM Wppm

Longion i kl klbley & Kl

0.20 x ; o - 6

13.7 x JO"6

37 x JO-3

3.63

38.

0.03 x I0-6

Z.9 x JO"6

16.4 x JO"3

2.47

32.4

From these figures it is to be expected that carbon mass transfer in the

sodium loops will be located in the temperature part from 360 °C to 550 °C and

higher. In this range significant amounts of carbon can be picked up by the

sodium and deposited downstream at cooler temperatures. Below 360 °C the amount

of carbon soluble in the sodium is much to low, and cool traps at temperatures

below 200 °C will not retain many carbon otherwise than by filtering insoluble

carbon containing particles.

In the analysis of the chemical forms of carbon developed by the CEN/SCK much

effort was done to reach the solubility level at 360 °C. The samples were taken

at temperatures as high as possible to avoid plating out of carbon before the

sodium reaches the sampling containers.

From the literature it was known that several carbon forms may be present j
•

in sodium and remain stable if the temperature remains below 400 °E. Chemical j

forms of carbon determined are free carbon, carbides, carbonate, carbonyl and J> j

cyanide. Total carbon by a combustion method was also used to confirm that no fO j

important chemical state of carbon has escaped to the above determination. O ;
CD !

CWppn,

(1) B. LONGSON, A.W. THORLEY
J. Appl. Chem., Vol. 20. December 1970.

(2) R, AINSLEY, L.P. HART LIB, P.M. HOLROYO. G. LONG
AERE-R, 6731, October 1973.



Sampling of sodium

Sodium samples are collected in alumina crucibles located in a side loop of

the sodium rig. These samples are made from AISI 316 stainless steel and carry

five crucibles containing 3 to 4 g of sodium. During sampling, the sodium flows

from above and streams down along the crucibles for several hours. At the end of

the sampling period the sodium flow is stopped ; the sampler is isolated with

valves and the sodium from the sampler is dumped in order to isolate the sodium

contained in the crucibles before cooling. The Cold sampler is removed from the

rig and opened in a glove box in a pure argon atmosphere.

Sodium samples for carbon determination have been obtained from several

sodium loops in the CEN/SCX, and sometimes from- other laboratories. The study

of the analytical methods and of the carbon behaviour was carried out on the

Analytical Sodium Loop. On this loop seven sampling locations may be used

simultaneously at two temperatures. The flow sheet of the loop is given in Fig. 1.

The sampler is given in Fig. 2.

Determination of carbon chemical forms

A wet chemical decomposition procedure is followed, to determine the chemical

forms in a stepwise sequence as shown in Fig. 3.

In the glove box a crucible is transferred in a hydrolysis flask. The

flask is closed and transferred from the glove box to the gas handling set up of

Fig. 4.

In the first step the sodium is slowly hydrolysed with pure water giving

sodium hydroxide, hydrogen and hydrocarbons :

I No. * Z H20 * 2 HaOH + H2+

Nan Cm + n H20 * n NaOH + Cm Hn
f

The alcaline residue from the hydrolysis is acidified with sulfuric acid.103

Carbonates are decomposed and the carbon dioxide is carried to the cold trap at

-196 °C and measured manometrically :

+ H20

* C02* * H20

2 HCLOH +

Ua.2C03 * H2SOh

Cyanide is separated from tne acidified residue by distillation, and measured

in the distillate with an ion selective electrode from ORION (3).

On the acidified solution from the previous steps the remaining free carbon

is sometimes measured by wet oxidation with van Slycke reagens. The evolved

carbon dioxide is collected and measured as above for carbonates.

The limits of detection obtained are :

0.01 ppm for each carbide carbon

0.01 ppm for cyanide carbon

0.1 ppm for carbonyl carbon

0.1 ppm for carbonate carbon.

The free carbon determination is hampered by a high blank, resulting from

all previous reagens and from the van Slycke reagens itself. In favorable cir-

cumstances the blank could be reduced to 2 ppm. In contrast with litterature

data, our working procedure did not allow to obtain reproducible blank values

for this determination.

The hydrocarbons are carried out with a helium stream to a cold trap at

-196 °C and analysed by gas chromatography using an activated alumina column.

Carbonyl, methane and hydrogen are not retained in this first step and are

carried by helium over copper oxide at 400 "C. Carbonyl is converted to carbon

dioxide and measured manometrically.
(3) LIEVF.NS. F.. PARMENTIER. C.

S.CK/CEN Report, R-2631



Total carbon determination

The sodium sample is evaporated at 360 °C under reduced pressure, using the

set up for oxygen determination by the distillation technique. The distillation

crucible with the distillation residue is introduced in a quartz combustion tube

and heated to 950 "C under oxygen carrier gas. The evolved carbon dioxide is

measured by conductimetry in alkaline solution. This procedure is based on work

of CTI-TNO (4)(5).

Measurements of carbon activity

The EMF Carbon meter is based on the work of Salzano et Al C6). It consists

of an electrochemical cell using fused salt electrolyte contained in an alpha iron

membrane, which in turn is immersed in the liquid sodium metal to be analysed.

The temperature is adjusted to allow the diffusion of carbon from the sodium in

the alpha iron and from the alpha iron to the electrolyte. The potential developec

by the electrolytic dissolution or deposition of the carbon, between iron membrane

and electrolyte,is measured against a reference electrode. This potential is then

a measure of the activity of carbon in the alpha iron and also of the sodium which

is in equilibrium with it.

The construction of the EMF carbon meter is shown in Fig. 5. Assembling

details on the side loop of the Analytical Sodium Loop are shown in Fig. 6. Most

of the experience with this carbon meter was obtained on laboratory set up as

shown in Fig. 7.

The diffusion carbon meter

For this meter an alpha iron membrane (ARMCO Iron) is in contact on the

outer side with flowing sodium and is flushed on the inner side with carbon free

argon containing hydrogen and humidity. The carbon from the sodium diffuses

through the iron membrane and reacts with the water vapor to form carbon monoxide.

(4) RDHDE J.F.M., HISSINK M.» BOS L.
Journal of Nuclear Energy, Vol. 24, P. 503-508.

(5) ROHOE J.F.M.
CTI-TMO, Report SR-TN/7009-32, Sept.,

t6) SALZANO F.J., NEWMAN L., HOBDELL M.R.
Nuclear Technology. 10, (1971), 335.

1970.

This gas is passed over a catalyser which convers the carBon monoxide to methane.1QJ

The amount of methane is recorded with a gas chromatograph.

This initial version was used on the Na 2 loop. Later an improved meter was

placed on the Analytical Sodium Loop. In this second form the hydrogen gas and water

vapor was not used in the carrier gas and their action was replaced by an oxide

coating on the inner side of the membrane. The gas chromatograph was also re-

placed by a flame ionization detector. The set up on the loop and the flow sheets

for these diffusion carbon meters are given in figures 8, 9 and 10.

Vacuum carbon meter

In order to study the release of carbon from the inner side of the alpha

iron another probe was placed on the Analytical Sodium Loop and connected to a

small mass spectrometer.

Preliminary experiments showed that all the carbon contained in alpha iron

could be extracted under vacuum at 700 °C. The carbon forms detected with the

mass spectrometer are C+ mass 12, CHi,+ mass 16 and C0+ at mass 28. The origin

of the oxygen for CO formation was supposed to be present as oxide on the iron

surface.

With the set up on the sodium loop, the same carbon forms were observed as

on the samples of iron, when the probe was at 700 °C. Figures 11 and Xi. show

this probe and the side loop arrangement for on-line meters.

Activity measurements with monitor foils

For calibration purposes of the carbon activity alloys of Fe 8 wt % Ni.

Fe 20 wt % Ni, Fe-12 wt % Mn, Fe 20 wt % Mn and Fe 18 Cr. 8 Ni (50 urn to 100 um

thick) and AISI 304 (25 pm to 50 \xm thick) were exposed to flowing sodium in the

temperature range of 530 to 650 °C. The equilibration time as a function of

composition, temperature and foil thickness has been derived from the diagram

published by Natesan and Kassner (7).

Equilibrated tabs were analysed for carbon by combustion in a stream of pure

oxygen and with H-.F. induction heating. The evolved carbon dioxide is determined

by absorption in alkaline solution and conductometry.

(7) NATE5AN K.,
Nuclear Technology, 19, (1973), 46-57.



Concluding remarks

The method easiest to apply is the measurement of carbon activity by

equilibration with monitor tabs. It gives valuable information about the carbur-

ising or decarburising activity of sodium. For the study of the mechanism of

the carbon transfer, as well as for the identification of a source of carbon

contamination in the sodium loop, a chemical method of analysis is necessary.

This was the reason for the above developments.
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FIG. 1

ANALYTICAL SODIUM LOOP
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APPLICATION OF A COMMERCIAL DIFFUSION TYPE
CARBON METER IN A SODIUM CIRCUIT

N.P. BHAT, H.U. BORGSTEDT, Z. PERIC, G. WITTING
Karlsruhe Nuclear Research Center,
Institute of Materials and Solid State Research,
Karlsruhe,
Federal Republic of Germany

Introduction

The exchange of carbon between structural materials and liquid

sodium influences the mechanical properties of components of the

cooling circuits (l). Therefore, the estimation of the carbon

content of the alkali metal and the knowledge of its carburizing

potential is of importance. Since some years the measurement of

the carburizing potential of sodium is easy to perform by the

application of the foil equilibration method which leads to good

results in spite of the very low carbon concentrations in the

liquid metal.. Thin foils (0.025 to 0.125 mm) of Fe-18Cr-8Ni-C

alloy ( corresponding to stainless steel type AISI 304 ) are

immersed in sodium at 550 to 700 °C for 200 to 400 hours. The

equilibrium of the carbon distribution must be reached. Chemical

analyses of the steel tabs and relation of concentration to activity

of carbon lead to information on the carbon concentration in the

sodium (2,3), if the saturation concentration of carbon in sodium

is known (4).

The method gives arbitrary values over a longer period of time.

The time needed for equilibration and analysis causes a delay for

the getting of results. Therefore, there is a need for instruments

which are capable to measure carbon directly in the circuits and

give continuously information on the actual carbon activities

in the fluid. Up to 1975 only one carbon meter was commercially

available. We have tested one unit in a chemical analytical

sodium circuit.

1. Principle of the diffusion carbon meter of GUNFC

In 1969 the Gulf United Nuclear Fuels Corporation (GUNFC), Elmsford,

N.Y., USA has published a report (5) in which a monitor for carbon

estimation in flowing sodium is described in detail. The meter is

build in series and extensively tested by GUNFC. Since about 1970

the carbon meter is selled by GUNFC in the USA and in Europe,

The estimation of the carbon activity in the sodium is based on the

diffusion of carbon through a membrane of pure iron into a gas

mixture reacting with carbon to form carbon monoxide. The diffusion

and reaction take place at about 750 °C. The membrane is the active

part of a tube in which a mixture of argon, hydrogen and water vapour

is flowing, keeping low the carbon activity at the gas side of the

membrane.

The diffusion of carbon from the sodium side to the gas keeps a steady

flow of carbon in the probe the rate of which depends on the carbon

potential in the sodium. At the iron gas interface carbon is oxidized

to carbon monoxide. The gas flows to a gas measurement device passing

a catalyst at which the carbon monoxide is reduced to methane.. The

amount of methane is measured continuously in a flame ionization

detector (FID). By the way the methane signal gives information on

the carbon flow which is dependend on the carbon activity in the sodium

circuit.

The probe must be calibrated for the analytical application. The cali-

bration can be done by the foil equilibration method.
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2 . The GUNFC carbon meter
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A schematic diagram of the carbon meter is shown in fig. 1. The meter CD :
CD =

consists mainly of KJ :
the carbon meter probe :



the carbon meter side loop

the carbon meter gas supply and measurement console

the energy supply and control console

The carbon meter probe as shown in fig. 2 is a cylindrical tube

which incorporates the active sensor at the lower part. The sensor is

in the form of 0.25 mm thin walled iron tube of 9*1 mm outer diameter
2

and 33.75 mm length, having an active area of 10 cm .

It is provided vith gas lines for the earburizing gas to sveep the

inner surface of the iron membrane. Since the carbon meter probe is

usually operated at 750 °C it is housed in a specially designed side

loop (see fig. 3). This side loop divert- part of the sodium flow

from the main loop, and is provided with special heaters to heat the

probe area to 750 °C. The details of the gas supply required is evident

from fig. 1. The probe gas supply is argon containing 5jt hydrogen

which picks up 0.3% moisture on pass-ing over the humidifier. This gas

flows at the rate of 10 cm /min, through the probe.. The gas decarbu-

rizes the carbon from the iron membrane with the formation of carbon

monoxide which then passes over the catalyst converting it to methane.

The methane content of the gas is estimated by the flame ionisation

detector ( BECKMAN model 400 hydrocarbon analyser).

The energy supply and control units are placed in a 22" rack, the gas

supply circuits and the FID unit in a second rack. The gas circuit to

measure the carbon flux in the probe is shown by fig. 4..

For the operation of the carbon meter the following gases are needed:

- argon with 5^ hydrogen

- high purity air

- high purity hydrogen (fuel)

- zero gas (free from hydrocarbons)

- calibration gases (Ar + H 2 + CO +

The side loop and the probe are shown in their position in the chemistry

loop by fig.. 5, The tubes between the probe and the FID are made of

AISI 304 stainless steel. All brass- and copper parts of the original

gas circuits are replaced by components of stainless steel in order to

reduce the blanks»

3. Theoretical 110

The flow of carbon into the gas phase involves mainly three steps,

- transfer of carbon from sodium to the iron foil

- diffusion through the iron foil

- transfer from the iron surface to the gas

Since solid state diffusion is a slow process it may be assumed that

the second step limits the flow of carbon*. The activity of carbon

in the iron surface in contact with sodium may be assumed to be nearly

the same as the carbon activity in the bulk sodium. At the same time

the carbon activity in the iron at the gas interface will reach a

very low value governed by the decarburising reaction.. If the diffu-

sivity of carbon through the solid tube wall is independent of carbon

concentration, then at steady state the gradient is constant and the

carbon flux is given by

D ( Cs - Ci > • m

q = (i)

L

where <j = carbon flux ( g/cm a )

D = diffusivity of carbon in the iron foil ( cm /s )

Cs > Ci ** concentration of carbon in the iron foil at the

sodium and gas interface ( g/cm )

L = probe wall thickness (iron foil, assuming flat foil)

( cm )

If the carbon concentration is small in the iron probe wall, the

activity of carbon there is proportional to its concentration, and

where v is the activity coefficient. If the solubility of carbon in

the iron foil is also small,

aQ = ^ C o (3)

where Co is the solubility and aQ is the corresponding activity.

Defining the activity of carbon as unity at the saturation concentration

C leads to
o

Cs " as Co ; Ci = ai Co

and equation (l)'becomes

(4)

(5)



Assuming that the decarburising gas is capable of reducing a.

to a value that is negligible by comparison with a , then the
s

carbon flux becomes

D a C
(6)

If the area of the sensor tube or probe exposed to sodium is

A (cm ) and the constant flow of decarburising gas is Q (cm / s ) ,

then the carbon concentration of the gas, C (g/cm ) becomes

A D a C
K a (7)

At constant temperature, K is constant, so that the carbon

concentration of the gas is proportional to the carbon activity

of the tube wall at the sodium interface. As previously indicated

this carbon activity is assumed to be essentially the same as the

activity in the bulk sodium.

The carbon flux through the iron membrane at 750 °C and the

corresponding methane concentration in the gas for different

carbon activities in sodium, are shown in fig. 7. The calculations

are based on following paramenter:

A => 10 cm2

D = 8'10~7 cm2/s at 750 °C

Co= 1.952'1O"
5 g/cm3 at 750 °C

h = 0.025 em

Q - 10 cm /min.

4. Experiments and Results

The carbon meter probe was installed in the chemical analytical

sodium loop as is shown by fig.. 5. The control panel and the gas

analytical equipment were situated in the instrument room, in which

constant temperature was maintained. It required about 25 meter long

gas lines between the meter probe and the FID, causing a time for

the signals.of about 50 minutes*

The flame ionization detector (PID) was calibrated with calibration

gases with different contents of carbon monoxide and methane, the

zero gas bypassing the probe. The calibration curve is shown

in fig. 6. The' probe was gradually heated to 750 C with proper

control of the heaters in the side loop. The FID output showed

only less than 0-1 ppm carbon in the gas. The dotation of carbon

dioxide to the loop did not result in an increase of the carbon

activity of the sodium due to plugging of the sodium line by

sodium carbonate.. However, the injection of methane to the sodium

was detected by the FID showing a signal of 0.7 ppm methane in

the gas. This value remained constant at the cold trap temperature

of 150 C at which the loop was operated.

Referring to fig.. 7 this value corresponds to a carbon activity

of 10" . Carbon activities of cold trapped ( 150 °C ) sodium in

a loop are in the range of 10 as determined in previous studies

with the foil equilibration method. As yet no definite correlation

has been obtained between the carbon activity measured by foil

equilibration and that by the carbon meter. The results of ASHER

et al. (6) show that the calibration factor ( ration of carbon activity

measured by foil equilibration and that by the diffusion type carbon

.meter ) varies between 5 to 10 for carbon activities in the range of

10 . The factor is still higher for carbon activities less, than 10

the range in which the values in the present study are.

We assume that the hydrogen diffusing from the gas side of the probe

into the sodium as detected by a hydrogen meter operated in the same

loop (7) may influence the signal. The hydrogen contamination can be

suppressed by operating the carbon meter probe at lower temperature

( 650 °C). However, the sensitivity of the meter is also reduced by

this change due to the lower diffusivity and solubility of carbon

in the iron membrane.

The sensitivity of the meter which seems to be insufficient for low

carbon sodium systems can be enlarged by the enlargement of the active

area of the probe. This may be the simplest way to improve the meter

for the operation in sodium loops.

The gas detection system is a reliable and sophisticated equipment

for the continuous measurement of carbon fluxes. In so far the meter

has a potential for the use in sodium cooling circuits.
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Fig. 3: Carbon meter side loop



Probe

•4.

f
'EXH.

F I D

FCV-1 8
Flowmeter FCV-F

Catal.
Converter

C] Dew Probe

<4>F

Humidifier

O-&SOV-Z

Zero-Gas(Ar*S7.H2)

Fig. 4: Gas c i rcui t to measure carbon fluxes in the probe

Chemisdi-Analytiicher PrufsUnii CAP

1 H-KontnXK 3 O-Konliolk D»rr»tfHl«|

2 C-Kontfollr t Kaltfallr

JOO -

100 ct^ PPM 200

Pig. 6: Calibration curve of the FID of the carbon meter

0-1
CARBON ACTIVITY

Fig. 5: Carbon meter side loop in loop position

10"* WF
Fig. 7: Carbon flux and methane concentration in the gas

function of the carbon activity

116



MEASUREMENT OF CARBON ACTIVITY OF SODIUM
USING NICKEL TABS AND THE HARWELL CARBON
METER - PRELIMINARY EXPERIENCE

A. BLUNDELL, A.W. THORLEY
UKAEA, Risley, Warrington, Cheshire,
United Kingdom

1. INTRODUCTION

Carbon can have an important effect on the mechanical properties of certain con-
structional materials likely to be used in the LMFBR's. Transfer of carbon will
occur between the metal and the sodium at any particular location to bring the
chemical potential of carbon in both components to the same value. Thus, in a
mixed system containing austenitic stainless steel and unstabilised ferritic steel,
carbon could be transferred by the sodium from the high carbon activity ferritic
to the lower activity austenitic steel. Loss of carbon from the unstabilised
ferritic steel leads to a weaker, more ductile material, while carburisation of the
stairless steel could lead to its embrittlement(1)(2). Similarly carbon entering
the coolant in the form of oil from leaking mechanical pumps coula have similar
effects on the mechanical property of stainless steels(2). In the light of these
possibilities it.is essential to measure the carbon activity of the .sodium so that
its effect on materials properties can be predicted.

2. METHODS FOR MEASUREMENT OF CARBON ACTIVITY

In the present investigation the measurement of carbon activity of the sodium has
been carried out using nickel tabs and the Harwell carbon meter (HCM).

2.1 Studies Involving Niokel Tabs

Theoretical considerations. When sodium and a metal such as nickel are in contact,
carbon will transfer from one to the other, until at equilibrium, the chemical
potential of the carbon in the metal and in the sodium are identical. When the same
standard state is chosen for carbon in the sodium and in the metal, then the
activity of the carbon is the same in the sodium and in the metal, ie:

"Ha + ET In a.'
Na

+ RT In

where ^a, jijj are the chemical potential of the carbon in the sodium and in the
metal respectively.

is the chemical potential of carbon in the chosen standard state.

aNa> ^ are t h e act'vity of carbon relative to the standard state in the sodium and
in the metal respectively.

Hence, a ^ = a°

Thus, the activity of carbon in the sodium may bo determined by measuring the carbon
concentration in the metal, if the relationship between corbon activity and carbon
concentration in the metal is known.

Graphite, for which u 0 is aero in the above equations, is used as the standard ]]"]
state for carbon in both the sodium and the metal in this instance.

Practical' considerations. The main advantage of using pure nickel is that it does
not form a carbide phase and the times required to equilibrate a 0,002 in. (~ 5ftim^
foil, in sodium at 65O°C is only of the order 4 hrs. There are however a number of
factors which could affect the time to reach equilibrium and these have to be
explored before the material can be accepted as a reliable monitor. These factors
include; possible plate out of soluble iron and chromium in the sodium onto the
nickel surface and the sluggishness of reversible processes when carbon is being
removed from the foil under changing carbon activity situations in the sodium
environment. If the foil does not respond immediately to such changes then the
measured carbon level in the foil could represent an integrated and not an instant
measure of carbon activity in the sodium.

2.2 Studies Irvolvinp; the Harwell Carbon Meter (HCM)

The continuous monitoring of sodium in two of the sodium test loops at RNL is now
in its third year. The meters which are described in Re/ 3 are situated in the
loops in positions down stream of the nickel tabs. Thermocouples inserted within
the meter coil indicate there is a 10 C difference between the exposure vessel for
nickel tabs and the meter when the exposure vtssel is operated at 65O C.

The sodium environment is continuously monitored by the meter except when checks
are carried out to establish the background level of impurities such as CO/CO2 in the
flowing argon gas or when known limits of. CO are added to the argon to calibrate the
analytical equipment. These operations are normally carried out twice per day. The
range of temperature used for meter operation has varied between 450 and 700 C,o

although for the majority of the experiments the meter temperature has been 640 C.

3. MEASUREMENT OF CARBON UPTAKE BY STAINLESS STEELS

In order to establish what effect the carbon activity of the sodium is having on the
carbon level of stainless steels, specimens of Type 316 and M316 steels of different
thicknesses and metallurgical conditions have been inserted in the exposure vessel
alongside the nickel tabs. The specimens are either in the form of 0.003 in. (.~75u.n)
foils, 0.040 in. (1mm) sheet or thin walled 0.015 in. (~ 0.4mm) fuel element tubing,
which is prepressurised with argon gas. This is to establish whether stress affects
the level of carbon uptake in M3I6 stainless st^el.

The aim of the study is to provide a correlation between measured carbon activity,
the equilibrium surface level of carbon in the stainless steels, as measured by the
foils, the carbids structure, the type of concentration gradient developed in the
thicker section metals under various conditions of exposure and bulk carbon level.
The levels of carbon in the nickel foils and the carbon gradients in the various
steels are" measured using techniques developad at AEBE (see Befs 4.5).

4. SODIUM FACILITIES AND SODIUM CHEMISTRY

The loops being used for this type of investigation are made from Type 321 stainless
steel which is stabilised with ~ 1$ Ti. The reason for using a carbon stabilised
steel as a loop constructional material is to ensure that the steel remains inert
and contributes no carbon to the sodium before it reaches the exposure vessel.

The sodium used in most of the experiments has been obtained from the purification
plant at DNE. The same quality sodium is used for PFR. The measured total carbon
content of the sodium is 1-3 ppm.
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For the first stage of the teat programme the sodium is being continuously circulated
ar«nad the loop at a low cold-trap temperature of ~ 110°C. This is to provide a
sodium quality typical of that anticipated during long.term operation of fast
reactors. This level of sodium quality also provides low oxygen conditions in the
system (1-3 ppm) thus minimising the effect of oxide film formation on the attendant
carton transport processes.

During the test programme a number of experimental variables such as changes in
exposure temperature and cold trap temperature have been investigated to establish
what effect these changes have on the measured carbon activity values. The exposure
temperature has been varied in the range 520-75° c while the cold-trap temperature
was varied between 120, ihQ and 165°C at a fixed exposure temperature of 650 C.

5. RESULTS OF CARBON ACTIVITY MEASUREMENTS

Comparison of values obtained with nickel tabs and carbon meters. The results from
both the nickel tab and carbon meter studies are detailed in Fig 1. Inspection of
this figure shows that all the carbon meter values are consistently lower than the
tab values by about a factor of 5. The reason for this difference is probably a
combination of two effects. The first in that, according to other data, obtained at
ENL, the nickel tabs might be relatively'insensitive to measuring very low carbon
activities and secondly some of fundamental assumptions made for carbon transport
through the iron membrane of the HCM may not be valid at these low carbon activities.
Although the differences between the two methods are in accord with the calibration
curves provided by AERE for low carbon activities in sodium (see paper this conference)
the reasons why the difference occurs require further investigation.

One point of interest is that during the operation of the aeters slight disturbance
in sodium or cover gas chemistry, due to sampling the loop sodium for oxygen causes
the meter to drift slightly when the loop is brought back on line. This drift tends
to exaggerate discrepancies in meter readings which under steady state conditions
are within a factor of 2 of each other.

Experiments carried out with the nickel tabs have shown that there is very little
difference in carbon activity values measured by this method after short and long
exposures to sodium (see Fig 1). This suggests that the plate out of elements such
as iron and chromium from the sodium onto the nickel is not having a significant
effect on the measured values*.

Experiments to establish whether the measured carbon activity values are affected by
the metallurgical condition of the nickel have shown that there is a slight differ-
ence between cold-worked and annealed metals with the annealed materials tending to
pick up more carbon.

Effect of changing loop parameters on measured carbon activity values. The effect
of changing the temperature of the sodium on the measured carbon activity values is
illustrated in Fig 2. The changes, namely increased activities at lower temperatures
are in line with expected trends. In contrast the effect of cold-trap temperature
on the recorded carbon activity values was insignificant. More work is planned to
look at this parameter in more detail, using larger traps with greater throughputs.

6. EFFECT OF MEASURED CARBON ACTIVITY ON CARBON PICK UP IN STAINLESS STEELS

Earlier work(6) using fully solution treated Type 316 stainless steel foils has

Measured levels of depths of iron and chromium ere 5 x 10 ji
respectively after exposures of 56 days.

and 3 x 101 n.m

shown that' in low carbon activity environments this material will decarburise at 110
temperatures of the order of 65O C. Therefore in order to look at the effects of
heat treatment and thus metallurgical structure in more detail, certain steels have
been given the full solution treatment followed by a part ageing treatment to
nucleate carbides, (called special anneal). Others have been fully annealed and
certain materials have been cold-worked to the 20# level. See Table 1 for details.

The results from these studies show (see Fig 3) that part ageing of the steel after
the full solution treatment does not stop some initial decarburisation of the steel
foils at 65O°C when the steel is immersed in sodium for relatively short times of
one month and that treatments such as the full anneal(6) and 20% cold work are
required to minimise initial carbon losses. Over the long term with continuous
immersion in eodium it is apparent that the foils start to pick up carbon and
continuous uptake is recorded over approximately 2 years.

Analysis of the foils from the long term exposure studies indicate that firstly the
foils are losing nitrogen at R rate which mirrors the rate of carbon uptake (Fig k)
and secondly TEM studies reveal that the composition of the carbide is becoming
enriched in chromium thus providing a more thermodynamically stable carbide structure
in the matrix of the foil.

•In contrast the thicker section materials are showing no significant changes in bulk
carbon levels irrespective of whether they are stressed or unstressed (Fig 3).

7. THE. EFFECT OF LOOP POSITION ON THE CARBURISATION OF M316 STAINLESS STEEL

Preliminary studies carried out to establish whether monitors at one temperature
position in a sodium loop will assist in the interpretation of what is occurring
elsewhere in the sodium circuit have involved the use of M316 steels which are tack-
welded into the loop pipework at various positions upstream and downstream of the
main sampling position which contains M3I6 stainless steels and nickel tabs. The
results so far obtained indicate that if the steels are initially exposed to a
slightly carburising environment they do not readily adjust to clean sodium conditions
once the loop has been operated for a few days. Consequently new ways are being
explored of inserting the specimens once the loop sodium has reached the required
carbon activity values. These findings highlight the difficulties associated with
in-line monitoring using stainless steels and the subsequent interpretation of
results in relation to findings elsewhere in the circuit.

8. CONCLUSIONS

Comparisons of the two methods used to monitor the carbon activity of the sodium
loops at ENL has shown that at low carbon activities the nickel tabs give consistently
higher values than the Harwell carbon meter. The difference between the two methods
is roughly a factor, of 5 when the Harwell carbon meter is registering carbon activity
values of ~ 2 x 10 at 6it0°C. At slightly higher carbon activities, produced by
lowering the temperature of the loop system, the discrepancy between the two methods
is not so great.

The possibility that nickel tabs may not accurately measure carbon activities of
10"' - 10" is currently being explored as the discrepancies already quoted between
the two techniques may be a combination of deficiencies in both methods of measure-
ment and not as assumed, the HCM.

Although long term immersion of nickel tabs does not seem, to affect the determined
carbon activity values it does seem that the metallurgical condition of .the -nickel
foil could affect the level of carbon uptake in the metal. Annealed metals'appear
to pick up slightly higher levels of carbon than cold-worked.



Measured carbon activity values, using both techniques, seem to be relatively
insensitive to changes in cold trap temperature. More tests are required to explore
this experimental variable in more detail.

Hie effect of reducing the temperature of the sodium on the carbon activity value
recorded by the nickel tabs and the HCM follows expected trends. Preliminary cia-a
coming from these tests suggests the carbon species is a monomer (Fig 5)« However
more work is reqxiired before a final conclusion can be reached on this topic.

Measurement of changes in the carbon content of the various stainless steels exposed
to a low carbon agtivity sodium environment showed that at 65O°C,

a. 0.003 in. foils in the special anneal and 20% cold worked exposed for periods
up to two years showed an increase in carbon content with time. This increase
is attributed to the structural changes that occur in the steel and possibly
the loss of nitrogen.

b. 0.00J in. foils in the special anneal and cold worked conditions immersed in
sodium for short time-scales of one month showed some slight variation in
carbon content over a period of 2 years.

c. 0.015 in. wall thickness prepressurised tubes in the 20$» cold worked conditions
and 0.040 in. tabs in the special anneal and 30% cold worked condition showed
insignificant changes in carbon content over periods of two years, implying
that applied stress does not significantly affect carbon movement in the
steels.

3- ASHER, R C, KIRSTEIN, T B A, TOLCHARD, A C : A continuous method of determining 119
the thermodynamic activity of carbon in sodium.
AERE R 8020, HMSO 1977.

4. HISLOP, J S, SAWDERS, T W, WEBBER, T J, WILLIAMS, D R: The determination of
carbon in nickel by high energy y photon activation.
AERE R 8i82, HMSO 1975.

5. PIERCE, T B, McKILLAN, J W, PECK, P F, JONES, I G: An examination of carbon
diffusion profiles in steel specimens by means of the nuclear microprobe.
J NUCL INST A?© METHODS 118 (1974) p115-124.

6. TKORLEY, A W, TYZACK, C, RAINE, A C, LONGSON, B: Some aspects of the mass
transfer behaviour in sodium of steels of interest to the UK fast reactor
programme.
International Conference en Liquid Metal Technology in Energy Production,
Champion, 3-6 May 1976.

TABLE 1

Treatment

Solution Treatment

Special Anneal

Standard UK Treatment

DETAILS OF HEAT TREATMENT

Details

Heat to 1050 C for 1hr followed by
gas quench

Solution treatment as above followed
by 1050 C for 15 mins. plus furnace
cool

Heat to 1050°C for 30 mins. followed
by air cool

vr-
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FIG 1. CAH30."* ACTIVITY VALUSS MEASURED BY f.'SXS'. TA35 AND CA330M HETERS
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MESURE DE L'ACTIVITE EN CARBONE DU SODIUM
AVEC DES FEUILLARDS EN ALLIAGE Fe-Mn 20%
ET DES ACIERS INOXYDABLES AUSTENITIQUES
A304LET316L

C. OBERLIN?P. SAINT PAUL, P. BAQUE* L. CHAMPEIX*
Centre d'études nucléaires de Cadarache,
Saint-Paul-lez-Durance, France

1 - INTRODUCTION

La connaissance précise de l'activité en carbone du sodium, utilisé

comme fluide caloporteur dans les réacteurs surrégénérateurs, est primordiale

pour suivre en permanence les phénomènes de carburation-décarburation. Le

pouvoir "carburant" ou activité en carbone du sodium, peut être suivi pé-

riodiquement, en mesurant la teneur en carbone d'un témoin de carburation

ou piège "chaud" tel un feuillard d'un alliage métallique, placé dans le circuit

de sodium ; en effet, à l'équilibre, les activités du carbone dans le sodium

et dans l'alliage métallique sont égales et si la relation entre la teneur

et l'activité en carbone de l'alliage étudié est connue, il est possible

d'estimer l'activité du carbone dans le sodium.

Les matériaux utilisés doivent posséder les qualités suivantes :

- Avoir une solubilité en carbone importante aux températures

d'utilisation ou conduire à un rapport élevé entre la teneur en carbone

dans le matériau et le sodium,

- permettre l'obtention rapide de l'équilibre avec le sodium,

- ne pas contenir d'impuretés qui peuvent fausser les résultats.

* EDF - Etudes des Matériaux - Renardières

** CEA - STRS/SEML - Cadarache.

Les matériaux choisis, compte tenu de ces critères, ont été le 109

Fe-Mn 20% par l'EDF et les aciers inoxydables austénitiques AISI 304L et 316L

par le CEA.

TABLEAU I -TENEUR EN CARBONE DE DIVERS MATÉRIAUX EN ÉQUILIBRE

AVEC DU SODIUM (ac =1).

Matériau

Fe a

F e 7

Ni

Fe-Ni 8%

Fe-Ni16%

Fe-Ni 30%

Fe-Mn 12%

Fe-Mn 20%

Fe-Ni 10% Cr 18%

(type AISI 304)

Température

°C

550

750

550

700

750

550

700

750

550

700

750

550

700

750

500

700

750

550

700

750

750

Teneur en carbone pour

ac = 1 (ppm)

11,6

5900

235

617

800

1530

4150

5350

910

2800

3730

~ 900 [4]

1370

1950

4100

9080 [4] - 10660 [5]

11040

5480

11720

14090

28750

Référence

[1]

[1]

[2]

[3]

[3]

[3-4]

[4-5]

[4]

[2]
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2 - ETALONNAGE DES TEMOINS EN Fe-Mn 20%

En règle générale, les alliages Fe-Mn et Fe-Ni ont été utilisés à

hautes températures (> 650°C) ; or l'intérêt de l'utilisation de cette méthode

est de pouvoir l'appliquer directement aux températures des circuits de so-

dium car la détermination de l'activité en carbone à hautes températures

(> 650°C) ne permet pas nécessairement de déduire cette activité à 550'c.

Cependant, afin de comparer nos résultats à ceux déjà connus, nous

avons décidé d'étalonner les feuillards de Fe-Mn à 550°C et 750°C.

Les alliages Fe-Mn 20% ont été choisis car la solubilité du car-

bone à 55O°c dans cet alliage est une des plus importantes comme le montre

le tableau I et d'autre part, il a été jugé préférable d'utiliser un alliage

qui soit monophasé aux températures d'utilisation ce qui est le cas du

Fe-Mn 20% qui est entièrement austénitique à 550°C.

2.1 - Méthode d'étalonnage utilisée

Le mélange CO-cO est également oxydant vis-à-vis des métaux cons- 123

titutifs de l'alliage étudié selon :

yMe + xCO ^=± MeyOx + xCO

K' : constante d'équilibre de réaction.

K' =
p CO

peo,

L'oxydation du métal .'!e en surface peut empêcher ou perturber sen-

siblement la diffusion du carbone dans le métal Me ; pour éviter cet inconvé-

nient, il sera donc nécessaire de choisir les teneurs en CO et CO du mélange

de manière à respecter la condition de non oxydation des constituants métalli-

ques du témoin de carburation, soit :

(p co j
\p co,/

K'

La méthode utilisée consiste à mettre les alliages en équilibre

thermodynamique avec des mélanges gazeux à activité en carbone connue comme

les mélanges C0/C0. et CH /H .

Le mélange CO/CO a été choisi car les mélanges CH./H sont for-

tement influencés par la présence de traces de vapeur d'eau.

Dans ces conditions, il faudrait que les pressions partielles de CO

et CO soient inférieures à 1,82.10 atm et 1.80. IO""1 atm à 550°C et à
-3 -7

1.39.10 atm et 8.32.10 atm à 750°C (a c = 1) pour ne pas oxyder le manganèse.

Par contre, pour le fer, les pressions partielles de cO et C0 devront
-2 2 •

être inférieures à 1.82.10 atm et 1.83.10 atm à 550°C et à 1.35 atm et

L'activité carburante a du mélange CO-cO peut être déterminée

â partir de la constante d'équilibre K de la réaction : cO + C?=Í2 C0

v _ p (CO)2

p (C0) : pression partielle de CO du mélange gazeux,

p (CO2) : pression partielle de CO du mélange gazeux.

avec K = 1,85.10~2 à 550°C et K = 2,32 à 750°c [6].

L'utilisation des mélanges cO/CO pour étudier la carburation du fer

et à fortiori du nickel sans oxyder les matériaux est donc possible.

C'est pourquoi l'étalonnage des Fe-Mn 20% a été réalisé en deux

étapes :

- étalonnage d'alliages Fe-Ni (conditions de non oxydation faciles à

réaliser) dans les mélanges CO-CO â activité en carbone parfaitement connue.

L'examen du diagramme binaire Fe-Ni montre que les limites de séparation'entre

le domaine monophasé 0 et le domaine biphasé a + 0, aux températures de 7sO°C



et 550°c correspondent à des alliages renfermant respectivement au moins 8%

et 30% de nickel [ 7] .

- étalonnage de l'alliage Fe-Mn 20% dans du sodium, à activité de

carbone fixée, en présence d'alliage Fe-Ni 30% à 55O°C et d'alliage Fe-Ni 8%

à 750°C.

2.2 - Conditions opératoires

Les feuillards de Fe-Ni 8% et Fe-Ni 30% ont approximativement 100 um

d'épaisseur, 20 mm de large et 50 mm de long et ont été fabriqués par le

CNRS à Vitry à partir de métal pur laminé à l'épaisseur désirée.

Les témoins de carburation Fe-Mn 20% se présentent sous la forme

de feuillards de 100 à 150 um d'épaisseur,préparés par le CEA (Service de

Recherches Métallurgiques Appliquées) selon le processus suivant :

- élaboration sous vide par lingot de 500 g,

- laminage à chaud à une épaisseur de 500 ym,

- laminage à froid de 15 à 20% en tension,

- recuit intermédiaire sous vide à 730°c (2 à 3 h).

Les feuillards bruts de laminage découpés en tronçons de 50 mm de

long, subissent ensuite un traitement thermique préalable nécessaire pour

éliminer la texture de laminage et obtenir la structure austénitique souhai-

tée à la température d'essai.

Les traitements effectués sont :

FeNi 8% : recuit de 30 minutes à 900°c sous vide, suivi d'un re-

froidissement très rapide dans la zone froide du four.

FeNi 30% -. recuit d'une heure à 1000°c sous vide, suivi d'une

trempe à l'hélium.

FeMn 20% : recuit d'une heure à 1100°c sous pression réduite

d'hydrogène (quelques torr) , suivi d'un refroidissement

très rapide dans la zone froide du four.

2.3 - Etalonnage des Fe-Ni dans les mélanges CO-CO 124

Les plaquettes traitées thermiquement sont préalablement dégraissées

lavées ä l'eau déminéralisée, puis séchées à l'étuve. Elles sont ensuite mises

en place dans les encoches du panier porte-échantillons qui sera introduit

dans le four maintenu à la température d'essai (550°C ou 750°C) et balayé préa-

lablement par le mélange carburant à étudier pendant environ une heure. Les

échantillons à carburer sont ainsi portés à 550 + 2 ou 750°c +_ 2°C pendant une

durée déterminée (cette durée de 12 jours à 550°C et 48 heures à 750°C a été

déterminée préalablement) dans le mélange CO-cO à activité connue. En fin

d'essai, l'alimentation du four est coupée et le four est refroidi rapidement

à l'aide d'un jet d'air comprimé dirigé sur la surface externe de la gaine de

silice. La vitesse de refroidissement est en moyenne de l00°c/minute jusqu'à

environ 300°c ; le refroidissement du four jusqu'à température ambiante

n'excède pas deux heures.

2.3.1 - Durée nécessaire pour atteindre l'équilibre

Les résultats sont présentés sur la figure 1.

Les durées choisies ont été par la suite :

550°C : 11 jours

750°C : 48 heures.

2.3.2 - Etalonnage

Les résultats sont présentés sur les figures 2 et 3.

La comparaison de ces résultats avec la théorie de BODSWORTH montre

qu'il y a un excellent accord à 750°C mais non à 550°C.

Ceci tend à confirmer que la théorie de Bodsworth est surtout valable

pour les basses activités en carbone, quand les teneurs en Mn ou en Ni ne sont

pas trop importantes et quand la température d'essai est suffisamment élevée

(> 650°C).



2.4 - Etalonnage du Fe-Mn 20% dans le sodium

Les plaquettes témoins de carburation,préalablement conditionnées

comme précédemment,sont accrochées au couvercle du pot d'essai à l'aide de

fils de nickel. Le pot est ensuite fermé puis raccordé à l'unité de remplissage

en sodium, puis mis sous atmosphère contrôlée (mise sous vide suivie d'un

remplissage en argon, cette opération étant répétée trois à quatre fois). Le

pot est alors préchauffé à une température de l'ordre de 150°C, puis rempli

avec environ 2,4 litres de sodium de qualité nucléaire. Pour les essais où

le sodium subit un traitement de purification supplémentaire, un panier

(fabriqué à l'aide.d'une tôle en acier inoxydable) contenant environ 140 g

d'alliage Ti-Zr est accroché préalablement, au couvercle du pot, en même

temps que les plaquettes témoins de carburation.

Après refroidissement, le pot est calorifuge, puis mis en chauffe.

En fin d'essai, le chauffage du pot est arrêté et le four est refroidi rapi-

dement à l'aide d'un jet d'air comprimé dirigé sur le pot préalablement déca-

lorifugé ; le refroidissement jusqu'à une température inférieure à 400°C

n'excède pas la demi-heure.

Les éprouvettes sont ensuite retirées du pot d'essai préalablement

vidangé à 150°C, puis immergées dans de l'alcool dès leur sortie du pot d'essais

avant d'être séchées.

La teneur en carbone des plaquettes FeNi 8%, FeNi 30% et FeMn 20%

e s t déterminée à l'aide d'un appareil LECO (combustion dans l'oxygène). Les

plaquettes de FeMri 20% sont préalablement décapées chimiquement (HC1 ION)

avant dosage du carbone pour éliminer en surface la couche démanganisée

comme nous le verrons ultérieurement (§ 2.5).

Les résultats obtenus sont indiqués dans le tableau II et sur les

figures 1 et 2. Les courbes obtenues ont été comparées à celles calculées

p a r Bodsworth [4] . Comme pour les Fe-Ni, il y a un accord satisfaisant à

750°C mais non à 55O°c.

Les résultats expérimentaux ont permis d'établir les relations

entre l'activité en carbone et la teneur en carbone des alliages.

550°C : FeNi 30% log a c = -1,8085 + 0,7475 log c (ppm)

FeMn 20% log a c = -1,8452 + 0,4613 log e (ppm)

750°C FeNi 8% log a c = -3,4132 + 0,8567 loa c (ppm)

FeMn 20% log a = -4,3215 + 0,9716 log c (ppm)

J , C (p.p.m)

200

100

550°C

Fe-Ni 30%

Durée (Jours)

2000

1000

C (p.p.m)
10 15

750°C

Fe-Ni 8%

Durée (Heures)

50 100 150

Figure 1 : Détermination de la durée d'établissement de l'équilibre entre les Fe-Ni et les mélanges C0-C02-
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Figur« 2 : Courbes d'étalonnage à 750°C des alliages Fe-Ni 8% dans les mélanges C0-C02 et des alliage«

Fe>Mn 20% dans le sodium.

Figure 3 : Courbes d'étalonnage à 550°C des alliages Fe<Ni 30% dans let mélanges CO-COj et
des alliages Fe • Mn 20% dans le sodium.
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Les informations suivantes peuvent être tirées des résultats expé-

rimentaux :

- l 'utilisation de l'alliage Fe-Mn 20% en tant que témoin de carbura-

tion, permet d'avoir une meilleure sensibilité dans le domaine des activitées

inférieures â 10 que celle donnée par les Fe-Ni.

- une étude comparée des niveaux d'activité mesurés expérimentalement

sur des boucles sodium, lors de précédentes études (Tableau III) montre que

l'activité la plus probable dans du sodium propre circulant dans une boucle en

acier inoxydable devrait être de l'ordre de 3.10 à 750"C ; ce niveau peut

être facilement mesuré par le Fe-Mn.

TABLEAU II - ETALONNAGE DES TEMOINS EN Fe-Mn 20% DANS LE SODIUM
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Température

°C

750

750

750

750

750

550

550

550

550

530

550

Teneur en carbone après essai

des Fe-Mn 20%
(ppm)

5500 - 5470

954-990

1200-1350

788 • 772

3460 • 3460

8870 - 9200

6470 - 6270

7470 - 7440

673-652-695

216

135-138

Fe-Ni 30% (550°C)

Teneur en carbone
(ppm)

1560-1560

200 • 222

246 - 264

178-196

895 - 905

247 - 242

209-210

222 • 222

44-42

49

24

Activité en carbone

•
du sodium

0,21

0,036-0,039

0,043 - 0,046

0,032 • 0,035

0,130-0,132

0,955 • 0,940

0,843 • 0,845

0,882

0,263-0,254

0,188

0,167

Figure 4 : Schéma du dispositif utilisé pour les essais en sodium
' Calculé d'après les Fe-Ni 8% (750°C) et Fe-Ni 30% (550°C) étalonnés préalablement dans les

mélanges CO-COo.



TABLEAU III -ACTIVITÉS EN CARBONE DU SODIUM EN BOUCLE DÉTERMINÉES EXPÉRIMENTALEMENT. 2.5 - Etude de.la démanganisation des feuillards dans le sodium
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Méthodes

Carbonemètre

Témoin de carburation (Acier inox)

Témoin de carburation (Acier inox)

Témoin de carburation (Acier inox)

Carbonemètre

Témoin de carburation (Acier inox)

Carbonemètre

Témoin de carburation (Fe-N¡8%)

Activité en carbone mesuré«

V Í . I O " 4 (760°C)

3.10^ (700°C)

4.10"3 (700°C)

9.7.10"3 <600°C)

2,23.10/4 (75Q°C)

2.8.10'3 (750°C)

1.44.10"2 (600°C)

3.27.10'3 (70O°C)

Activité en carbone

calculée

à 550°C

5,1 .IO'3

3,94.102

5,21 .IO'2

2.52.10"2

5,8.10"3

7,3.102

3,75.10"2

4,29.102
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En admettant que les solutions de carbone dans le sodium obéissent

à la loi de Henry et que les interactions entres les diverses espèces car-

burées sont négligeables, l'activité en carbone à 550°C peut être calculée ;

elle serait de l'ordre de 4 à 5.10"2 si l'activité est égale à 3.10~3 à

750°C, car :

a T = Ç_iiâ
c T

C s

C (ja = teneur en carbone dans le sodium

C ï = solubilité du carbone dans le sodium à la temoérature T

avec log ̂  ~ = 7,646 -5970 [8l .

T(°K)

Des mesures expérimentales- ont été réalisées dans le circuit secon-

daire de Phénix à l'aide d'alliages Fe-Mn 20% à 55O°c. Les activités en car-

bone déterminées ont étii de 7,8.10 (40 ppm C dans le feuillard Fe-Mn 20%).

Cette valeur est en accord avec les valeurs calculées ci-dessus.

Après séjour dans le sodium, à haute température, une perte en manga-

nèse à la surface des échantillons Fe-Mn 20% a été mise en évidence par micro-

analyse X et micrographie. La figure 5 montre cette perte en manganèse pour un

échantillon ayant séjourné 5000 h dans le sodium â 550°C et la figure 6 celle

d'un échantillon après 48 h à 750°C.

La présence de cette couche perturbée en surface peut avoir deux

inconvénients :

- elle peut fausser par défaut le dosage du carbone dans l'alliage

utilisé, la couche démanganisée étant fortement appauvrie en carbone (la solu-

bilité du carbone dans une matrice en fer étant très faible). Cet inconvénient

peut être évité en décapant la plaquette de Fei-ln 20% dans un bain acide (HC1 10 N)

avant dosage du carbone.

- la présence d'une telle couche en surface peut également perturber

l'établissement de l'équilibre thermodynamique entre le sodium et le témoin

de carburation.

Afin de vérifier ceci, des essais complémentaires ont été réalisés

avec des feuillards préalablement démanganisés ,- les résultats obtenus ont été

pratiquement identiques à ceux obtenus avec des feuillards homogènes ce qui

semble montrer que la couche démanganisée n'empêche pas la mise en équilibre

du témoin avec le sodium.

3 - ETUDE DE L'UTILISATION DES ACIERS INOXYDABLES

L'utilisation des aciers inoxydables austénitiques a été envisagée

par le CEA pour les raisons suivantes :

- matériaux identiques â ceux utilises pour l'élaboration des compo-

sants des circuits primaires,

- coût moins onéreux de fabrication des feuillards,

- d'après la formule de calcul de NATESAN et KASSNER[3]pour les allia-

ges Fe - Cr - Ni, à,pouvoir carburant égal, la teneur en carbone; de l'acier est

plus importante que pour le nickel pur ou pour les alliages binaires Fe - Ni et

Fe - Mn (pouvoir carburant calcula d'après la formule de BODSWOPTH [4],
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- le traitement thermique préalable d'hypertrempe permet de con-

server une structure austénitique jusqu'à la température ambiante,

- la transformation superficielle en sodium à haute température

n'affecte qu'une très faible épaisseur d'alliage ; i l paraît possible

d'éviter un traitement de décapage après essai.

TABLEAU IV - PREPARATION DES ECHANTILLONS

TABLEAU V • RÉSULTATS OBTENUS AVEC DES FEUILLARDS EN ACIERS INOXYDABLES AUSTÊNITIQUES.
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Alliage

304L

316L

Fe-Mn 2 %

Epaisseur

(ym)

100

120

55

120

Traitement thermique

Quelques minutes à
1O5O°C

Trempe sous argon

Une heure à 1050°C
Trempe sous hydrogêne

Traitement de surface

Nettoyage aux u l t r a -

sons dans le méthylal.

puis dans l ' é thanol

-

Cependant, l'utilisation de ces feuillards peut présenter certains

inconvénients :

- les durées nécessaires à la mise en équilibre par rapport au

carbone du sodium sont beaucoup plus importantes que dans le cas des allia-

ges binaires [3]..

C'est une méthode, qui, dans l'absolu, ne permet pas d'assurer que

l'équilibre thermodynamique avec le sodium est atteint et qui risque ainsi

de ne pas être reproductible.

- les teneurs mêmes faibles en éléments stabilisants (Ti, Zr ...)

dans les alliages sont susceptibles, pour les faibles activités, de fausser

les résultats obtenus d'après la formule de NATESAN et KASSNEP. .[ 2] .

- 1'influence de la teneur de 2 à 3% en poids en molybdène dans

l'acier 316L peut jouer un rôle sur la diffusion du carbone.

C'est la raison pour laquelle une étude est actuellement en cours

au CEA pour connaître les possibilités d'utilisation de ces feuillards en

aciers inoxydables austtinitiques aux températures maximales des circuits

de sodium et pour comparer les résultats avec ceux obtenus par les feuillards

en Fe-Mn et les carbonemètres.

Ttmpiftttin

(°C1

560

eoo

660

eoo

660

Estai an itatlqua

H

II

»
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Boucla (5 ro/i)

Dut*.
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1000
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2000
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1360
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800
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-

-

3.1- Essais préliminaires

3.1.1 - Préparation des échantillons

Le tableau IV recense les divers matériaux utilisés, les traitements

thermiques qu'ils ont subis ainsi que leur préparation de surface.

3.1.2 - Essais réalisés

En sodium statique

Dans des pots en acier austénitique 316, le sodium est purifié au

préalable sur piège froid à 11O°C.

a) A 550°C, durées de 1000 à 5000 heures dans le même pot, échan-

tillons retirés périodiquement.

b) A 600 et 650°C, durées de 1000 et 2000 heures.



En sodium dynamique

a) Essai aux températures de 600 et 650°c dans un circuit â vitesse

du sodium 5 m/s, piège froid 110°C.

Echantillons 316L, épaisseur : Ì20 microns.

b) Essai à 600°C, vitesse du sodium : 0,2 m/s, pièce froid : 110°C.

Echantillons 31ÓL, 120 et 55 microns, 304L et Fe-Mn : 120 microns.

3.1.3 - Résultats obtenus

Les pouvoirs carburants sont calculés d'après NATESAN et KASSNER

pour les alliages classiques et d'après BODSWORTH pour le Fe-Mn.

A 600 et 650°C, il ne parait pas possible d'expliquer les différences 131

importantes entre les pouvoirs carburants des divers échantillons.

Les résultats différents des feuillards 316L du même lot du matériau,

mais d'épaisseur différente, font craindre que des gradients de concentration

en carbone n'existent dans le sodium statique du pot.

Cependant, en sodium dynamique, les échantillons en AISI 316L ont

des résultats encourageants.

- A cause des perturbations dues aux parois des pots d'essais, les

essais en statique seront dorénavant réalisés dans des creusets en nickel

avec une agitation continue du sodium.

Les résultats sont indiqués dans le tableau V.

3.1.4 - Discussion

Les résultats obtenus permettent de faire les remarques suivantes :

- Il est normal.que les pouvoirs carburants mesurés en zone chaude

d'un circuit anisotherme soient inférieurs à ceux mesurés en sodium statique

à la même température. Dans ce cas, la teneur en carbone dépend surtout de

l'état de carburation de la paroi du pot, il n'y a pas le "piège" constitué

par la zone froide d'un circuit.

Il n'est pas possible de comparer des résultats obtenus dans des

pots différents.

- Dans chaque pot, les mesures des pouvoirs carburants d'après les

divers échantillons, présentent des écarts pouvant atteindre un ordre de

grandeur.

A 550°C, les^écarts entre Fe/Mn et aciers classiques,dont les résul-

tats sont groupés,pourraient s'expliquer par les temps relativement courts

d'exposition en sodium et par les différences entre les deux méthodes de calcul.
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SURVEY ON INVESTIGATIONS ON CARBON CHEMISTRY
AND TRANSFER IN SODIUM

G. MENKEN, J. JUNG
INTERATOM,
Bergisch Gladbach,
Federal Republic of Germany

1. Introduction

The operation of Liquid Metal Fast Reactor Systems at

elevated temperatures requires the control of carbon

impurities in sodium and of carbon transfer related

to the metallic structural materials wetted by the

coolant.

This review is aimed at providing a brief statement

of the objectives and accomplishments in some major

areas of the investigations on the behaviour of carbon

impurities in the heat transfer circuits of the SNR-3OO

reactor presently under construction at Kalkar on the

Rhine.

2. Chemistry of carbon in sodium

2.1 Analysis of carbon-containing impurities in sodium

- Carbonate is determined after dissolution of the

residue in H-SO. by gas chromatographic analysis

of the C0 2 produced.

- Carbides: After distilling off the sodium the

carbides are converted through hydrolysis into

hydrocarbons. After conversion of these products

at 1000°C, CO, is detected using a gas chromatograph.

- Cyanides are converted through hydrolysiSj but

through the final combustion of H CN the produced

NO- has an adverse effect on the detection of COj

using gas chromatographic methods. As a result a

quantitative analysis is difficult.

In large sodium systems a total carbon content of about

4 - 1 0 ppm is analysed, the main part of which is car-

bonate (about 2 - 8 ppm).

2.2 Interaction of carbon with hydrogen in sodium

The methane content of the cover gas in sodium systems

is & 10ppm. This level may increase if, for example,

oil leakages into the sodium occur. The simplified

reaction of solvated carbon in sodium with hydrogen in

accordance with
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~-'Na 2 H2 CH,

Analytical methods are available to determine the con-

centration of the carbon-containing impurities in sodium

down to about 1 ppm using an in-line and/or out-line

sampling method.

- Total carbon is determined after distilling off

sodium from the crucible by combustion at 1OOO°C

followed by gas chromatographic analysis of C0_.

allows the determination of the equilibrium methane

content. In the case of a carbon activity in sodium

of a_ = 1, a partial pressure of hydrogen
—A

p = 6 • 10 mbar (corresponding to a hydrogen con-
"2
centration in sodium of about 0.1 ppm H ) , then the
methane partial pressure at 500°C is calculated to be

tlCH4
K «« 10 /mbar7,

>
o ;ro !
O ;
O :
CD =
Ui j



where K - the equilibrium constant. This value would

lie below the detection capabilities of gas chroma-

tographic techniques.

For explaining the discrepancy between the theoretical

and measured values in sodium systems it was experimen-

tally determined how the various carbon hydrogen com-

pounds contribute to a methane build-up. A higher

hydrogen concentration and carbon content of the various

compounds were given as the experimental reasons.

The following methane partial pressures were measured

in equilibrium and with a sodium temperature of 525°C:

Na additions cone, (ppm) p u (mbar) p ™ (mbar)
" 2 vii4

none

(Na:glove box
quality)

N a2 C O3
NaCN

Na C

-

2600

5200

2300

8.4

13.5

36.5

25.5

5.1 x

1.4

1.3 x

3.4

ID"2

10"1

Prom the results the contribution of the concerned

carbon compounds to the methane reaction and hence to

the active carbon in sodium can be seen. However,

thermodynamic interpretations are difficult.

2.3 The electrochemical carbon meter

The method is based on the described galvanic cell

C M I membrane I fused salt I C reference
N a ' I electrolyte I electrode

The following parameters were given: 133

Membrane

Electrolyte

Reference

Electrode

Site of location

Operating temp.

Fe (0.25 - 0.5 mm)

CaClj-LiCl eutectic,

CaCl2-LiCl-CaC2/

Na-CO3-Li2CO3 eutectic

Graphite, graphite with Zr casing,

Spheroidal graphite iron, CO/CO,,

Steel container (1.4948, 1.45.41 and

Cu)

Na loop

600 - 700°C

Diagram 1 shows a typical e.m.f. measurement with a

CaCl2~LiCl eutectic mixture, with a graphite reference

electrode and Armco iron membrane. The measuring was

carried out in a steel container made of SS 1.4541.

From the temperature dependency of the e.m.f. the

carbon activity could be determined

lg ac 0.913

and was also confirmed by chemical analyses of the

iron membrane (77 ppm C ) .

The long term use of the cells resulted in a slow

but steady drift towards lower e.m.f. values. Later

investigations of the cell indicated that carbon

transport phenomena and corrosion caused a change

in the potential ratios.
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2.4 Use of tabs

The tab method was principally used in the experimen-

tal work at INTERATOM in two sodium loops: the SNR

corrosion mockup loop with temperatures between 600 C

and 38O°C and in the chemical analytical loop at 69O°C.

The exposure conditions are given in Table 1.

While the flow conditions could not be changed in the

analytical loop, three isothermal positions with dif-

ferent flow velocities in the main flow of the corro-

sion mockup loop could be used for the foil exposure.

It was observed that the carbon content of the foil

material at 6OO°C was dependent on the flow conditions

in the hot isothermal loop positions. The results of

six different loop runs are given in Fig. 2.1 and show

the carbon content of a cold rolled 19/8 CrNi foil

material (0.1/Jm) over the exposure time. The carbon

level in the position(HR) with a sodium velocity of

4.9 m/s, is about 600 ppm higher than in the low ve-

locity positions(OP and OZ)with velocities of 0.07 m/s

and 0.4 m/s respectively. This means that in the high

velocity section the cold rolled material carburized

while in the low velocity positions it decarburized.

Annealed material did not show this position effect.

Exposure Time [h]
1400 3000
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It means that the selective corrosion process at the

surface influenced the carbon changes.

The influence of the cold trap temperature was studied

in two runs over about 3000 hrs. While in the low ve-

locity section the carbon level in the foils increased

from only 550 ppm to 600 ppm, due to the increase of

the cold trap temperature from 1O5°C to 165°C, in the

high velocity section a change from 740 to 1300 ppm

carbon was observed.

The carburization behaviour of different Cr/Ni alloys

was studied in the 3000 h run in the corrosion loop

at 600°C with a cold trap temperature of 165°C and

at 69O°C with a cold trap temperature at 133°C in

the analytical loop.

The results and material conditions are given in

Table 2.

For the calculation of the carbon activity the corre-

lation evaluated by Natesan and Kassner C^J w a s e x~

trapolated outside the approved temperature range.

In total, the carbon activities in the different foils

reached about the same level as the carbon activity

of the loop materials. The calculated activities were

mainly found to be proportional to the carbon level

of the materials. As a result of this the carbon ac-

tivities varied by a factor of 5 and 2.5 at 600°C

and 690°C;respectively.

As it was determined that, especially at the lower

temperature, the carbon activities were dependent on

the nickel content of the alloys, empirical corrections

to the equation of Natesan and Kassner were introduced.

The carbon activities, calculated with the new corre-

lation (see Table 3 ) then varied only by a factor

of 2 and 2.4 at 600°C and 69O°C respectively. But this

variation is still too high for use in the prediction

of carbon activities in reactor systems. The remaining

scatter may be a result of precipitation and/or selec-

tive corrosion processes.

3. Interstitial element transfer

The steel for the fuel cladding of the SNR-300 is carbon

stabilized by the addition of titanium. Therefore

carbon transfer aspects for materials with a thin

wall thickness are limited to the structural materials

which have a relative low operation temperature, i. e.

lower than 55O°C.

The cooling sections of the SNR corrosion mockup loop

contained removable samples which allowed investigation

of the carbon transfer at downstream positions corre-

sponding to the downstream positions of the core in the

reactor system. As in the reactor system the heating

section of this loop was constructed using a carbon

stabilized austenitic Cr/Ni steel.

From the chemical analysis of thin layers of machined

samples of 1.4948 material (2 mm) and the above mentioned

foil material it was concluded that in cooling posi-

tions the carbon transfer is limited to very thin sub-

surface layers. In experiments up to 5000 hrs changes

in the carbon content of the specimen with 2 mm thick-

ness were limited to the first machined layer, and

the results varied more with the thickness of this

layer (10 - 30 JJTH) than with the exposure time. No
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carbon changes were observed for the second subsurface

layers to a depth of about 70 yjm. All analytical inves-

tigations showed that in the cooling sections no dif-

fusion exchange took place between carbon rich deposits

(carbides) and the underlaying matrix material.

4. Specification of carbon levels

Based on the results of carbon levels in sodium systems

the total carbon content in the sodium of the SNR pri-

mary and secondary systems was specified to be lower

than about 20 ppm while the active carbon content was

found to be some order of magnitude lower.

References;

{_ 1_7 K. Natesan, T.F. Kassner

Trans. ANS. ]±, V7, 112 (1973)

l~2_7 M.F. Roche, J.W. Allen et al.

ANL - 8017 (1973)
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The mass transfer investigations have shown that, the

carbon transfer in the structural materials (i. e. ex-

cluding carbon stabilized materials for the fuel ele-

ments) is very sensitive to surface effects like se-

lective corrosion or cold work. These effects could

not be described in an applicable model but on the

other hand they can be neglected. It is expected

that they occur only in thin surface layers because

the operation temperature of 55O°C is relatively low

for these materials.

The experiments have shown that the carbon activity in

sodium systems, as determined by monitor foils, reaches

about the same value as in the loop pipe material and have

shown only a slight influence on the cold trap temper-

ature in the purification system. Therefore it is con-

cluded that only limited changes in the carbon content

will occur in the sodium wetted structural materials.

In the case of the reactor system this prediction will

be checked by the periodical removal of samples fab-

ricated from the original material of the intermediate

heat exchanger tubes.

Table 1; Sodium exposure conditions for carbon monitor foils

Condition

Loop material

Maximum temperature

Sodium velocity at tabs

Exposure time

Cold trap temp.

SNR corrosion

1.4948, 18/10

60O°C = tab

position OP

position HR

position OZ

3000 hrs

105 and 165°C

mockup loop

Cr/Ni steel

temp.

0.07 m/s

4.9 m/s

0.4 m/s

chemical analytical

1.4948,

69O°C -

sample

SO hrs

133°C

18/10 Cr/Ni

tab temp.

holder 0.01

loop

steel

m/s



Table 2: Results of carbon monitor foils exposed at low velocity positions in the corrosion
mockup loop (60O°C) and in the chemical analytical loop (690°C) at INTESATOM
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Thickness

Characterization of material

% C % NI % Cr % Nb+Ti+Ta Heat treat- Exposure
nent Temp.

Carbon activity (Tab. 3)

Natesan equ. modified equ.

60 / in
50 /im

100^™
75 yum

Loop
mater ia l
as rec.

200 />m
60 f.m
50 jim

100 ̂ m
65 ̂ m

Loop
material
as rec.

0.1019
0.0445
0.060
0.0218

0.04

0.0042
0.0837
O.O637
0.O515
0.0322

fo.osa
(.0.022

7.86
8.33
8 . 5

9.45

10.0

8 . 0

7.86
8.33

10.01
11.36
10.3

11.2

18.0
18.18
18.8
19.51

18.17

18.0
18.18
18.75
17.72
18.74

19.00

0.02
0 . 1

0.01
-

-

0.02
0 . 1

-

-

0.03

cold rolled
annealed
cold rolled
annealed

annealed

-

annealed
annealed
annealed
annealed
annealed

annealed

6OO°C
600°C
600°C
600°C

600°C

69O°C
69O°C
69O°C
69O°C
69O°C
69O°C

69O°C

11.2
4 . 8

5 . 8

1.95

4 . 8

9.74
7.86
5.91
4.69
3.81
4.91

2.03

•10"3

• io-3

•10'3

• i o - 3

10"3

• 1 0 " 3

• 1 0 " 3

• 1 0 " 3

•io-3

• 1 0 " 3

• i o " 3

• 10-3

12,5
7 . 4

9 . 9

6 . 1

2 1

11.7
9.07
8 . 9

21

8.73
26.8

19.8

• i o - 3

• 10-3

• 10"3

. 10"3

.ID"3

•10"3

• io-3

• 10"3

•10"3

•10"3

• lo"3

• io- 3

Table 3t Determination of the carbon activity in iron base alloys

Alloy

Fe-8 % Ni

Fe-18 % Cr/8 % Ni

Cr/Ni ss

Equation

ppm C
c 4234 - 0.083

In a » ln(O.O48 » C) + (0.525 - -222) % C - 1.845 + 5122

-(0.021 - 2—-) % Ni + (0.248 - 424) % Cr

-(0.0102 - 2ii21) » cr2

In ac > ln(0.048 % C) + (0.525 - -222) % C - 6.845 + 512°.

+ 0.6 % Ni - (0.021 - - ^ 4 ) % Ni + (0.248 - 424) »Cr

-(0.0102 - 2il22) % cr 2

Approved temp.
range

973 K

923 - 1073

873 - 973

Ref.

nj

empirical
modified
if 1.7



THE FOIL EQUILIBRATION METHOD
FOR CARBON IN SODIUM

H. BORGSTEDT, G. FREES, Z. PERIC
Karlsruhe Nuclear Research Center,
Institute of Materials and Solid State Research,
Karlsruhe, Federal Republic of Germany

1. Introduction

Among the non-metallic impurities in sodium, carbon plays an

important role since at high temperatures the structural materials

exposed to sodium are subject to carburisation and decarburisation

depending on the carbon activity of the sodium. Carburisation of

austenitic stainless steels leads to reduction in ductility and

fatigue properties whereas decarburisation results in a decrease

in the high temperature creep strength. A knowledge of the carbon

activities in sodium will help understanding of the carbon transfer

phenomena in operating sodium systems of the fast reactors, and

also carbon diffusion, microstructural stability and mechanical

behaviour of materials under different service conditions. An

understanding of the carbon behaviour in sodium becomes difficult

in view of the complexities of the different species present as

elemental carbon, carbide, acetylide, carbonate, and cyanide.

Carbon estimation techniques for sodium presently in use may be

divided into,

- chemical analytical methods

- on-line carbon monitors

- foil equilibration method

Various chemical methods have been developed for the estimation

of different species like acetylide, cyanide, carbonate, elemental

carbon, and total carbon in sodium. All these methods are time

consuming and subject to various errors. The on-line monitors

developed- for carbon in sodium are able to give contineous indication

of carbon activities and have higher sensitivity than the chemical

methods. A still more simple method for the determination of carbon

activities is by the foil equilibration first published by NATESAN

et al, (l). Because of its simplicity like the vanadium wire equi-

libration for oxygen (2) it is being used widely for the estimation

of carbon activities in sodium systems. Carbon concentrations in

operating sodium systems estimated by this procedure by applying

solubility relation to carbon activities have yielded very low values

of carbon, lower than the sensitivity limits of the chemical estimation

methods. Foil equilibration has been used to determine the carbon

potential in sodium systems in order to explain carburisation and

decarburisation of steels in high temperature sodium systems of

fast breeder reactors (3).

2. Theoretical

When thin metal tabs of iron base alloys are exposed to sodium

containing carbon, carbon diffuses between the sodium and the tab

material until at equilibrium the chemical potentials of the carbon

in the tab and in the sodium become equal.

138

*tab

(1)

(2)

where
C C

Uj. i P , = chemical potential of dissolved carbon in

sodium and tab respectively

P = chemical potential of carbon on the chosen

standard state §!
CD !

c c
^T > a*. u ~ activity of carbon relative to standard state

in sodium and tab respectively



at equilibrium!

"tab
(3)

Thus the carbon activity of sodium can be estimated by determing

the carbon activity of the equilibrated tab material.

Graphite, for which u is zero in the obove equations (1) and (2)

is chosen as a standard state for carbon in both the sodium and the

tab material. The carbon activity versus concentration relationships

at different temperatures for the tab materials based on graphite

standard state has been determined at Argonne National Laboratory,

from equilibration experiments with CH, - H gas mixtures (1,2) (see

Fig. 1). Assuming HENRY's law to be valid and from the knowledge of

carbon solubility relation for sodium'(4), it is possible to derive

a carbon activity versus carbon concentration relationship for sodium

(5) (see Fig. 2). Hence the experimental part involves accurate

determination of carbon concentration in the equilibrated tab

material from which carbon activity of the tab and sodium, and

concentration of carbon in sodium can be calculated. A combination

of the above two relations is representedin Fig. 3 as carbon con-

centration of tab material versus carbon concentration in sodium.

The equilibration time depends upon the temperature and thickness

of the tabs: and the type of tab material applied. Following tab ma-

terials have been used in different, laboratories for equilibration

measurements of carbon (1, 3, 5 - 7):

Fe, Ni, Fe- 8 wtZ Ni, Fe- 16 wt% Ni, Fe- 18 wt%Cr- 8 wt% Ni,

Fe- 12 wt% Mn

Equilibrations are generally carried out at 600 to 800 C. Thickness

of tabs used are usually between 50 and 250 vim. The equilibration

time ranges from 3 to 7 days for 125 vm thick Fe- 12 wt% Mn and

Fe- 18 wt% Cr- 8 wt% Ni tabs respectively. The Fe- 18 wt% Cr- 8 wt% Ni

tabs have the advantage of attaining more accurate results due to

the high value of the distribution coefficient for carbon between

tab and sodium. Their composition is similar to the composition of

the structural materials of the sodium loops. Due to this fact the

mass transfer caused by the dissimilar materials effect should be

negligible. On the other hand, they require longer equilibration

time especially at very low carbon activities in sodium.
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3. Experimental

The equilibration studies conducted with Fe- 18 wt% Cr- 8 wt% Ni type

of tabs (AISI 304) are reported here. Tabs of this type of stain-

less steel with thickness ranging from 25 to 100 um were equilibrated

in sodium at temperature between 600 and 700 °C for 400 hours in the

high temperature sodium loop (HTP). Details of the sodium loop are

reported elsewhere (8). Sodium flow through the test chambers was

2.7m /hr. The cold trap temperature was maintained at 150 °C. The

chemical composition of the various tab materials tested are given

in Table 1. Prior to sodium exposure the tabs of 10 x 50 mm were

cleaned with acetone, annealed at 1050 C for 5 minutes under vacuum

in a quartz ampoule and quenched by dipping in water. The foils were

then electropolished for 5 to 10 seconds at 55 °C with a current

dentsity of 30 A/dm . The electrolyte was a mixture of concentrated

H3PO4> H SO., and H20 in the ration 6:2:2.

The foils were then fitted in the two sample holders, which were

inserted into the two test chambers. Equilibration was carried out

at 600 °C (test chamber 1) and at 700 °C (test chamber II). After

equilibration the sodium was drained and the tabs were cleaned free

of sodium with alcohol and distilled water and dried. The carbon

content of the tabs was determined by high temperature combustion

and coulometry by an apparatus COULOMAT 7000 delivered by Strohlein

& Co, Dusseldorf. Carbon concentrations of the equilibrated tabs

are presented in the Table 2. Mean carbon activities and the carbon

cpntp-nt of. sodium calculated from the amalytical results are presented

in Table 3.

We gratefully acknowledge the chemical-analytical contributions

of Dr. Helga Schneider to this work



The foil equilibration method is now applied in the test sections

with maximum temperature (550 C) of the sodium loop for creep studies

in flowing sodium. Foils of only 25 ym thickness are used. In the

equilibrated tabs carbon concentrations of 250 - 510 ppm have been

measured. The corresponding carbon activities are in the range of
-3 -3

a *v> 3 • 10 -5 • 10 indicating carbon concentrations in the sodium
c

of 0.05 - 0.1 ppm.

4. Discussion

Carbon concentrations of AISI 304 tabs equilibrated at 700 C for

400 hours at the cold trap temperature 150 C range from 50 to 180

ppm. These values may be compared to the carbon potentials (carbon

content of 76.2 urn thick AISI 304 tabs exposed for 120 hrs. at 704 °C)

reported by SHIELS et al. (3) for typical sodium loops made of auste-

nitic steels. The carbon potentials measured for these loops are

in the range of 25 to 75 ppm for cold trap temperatures ranging from

110 to 230 °C. The discrepancy may be due to the longer time required

for the 304 tabs to attain equilibrium. The carbon activities calcu-

lated from these measurements are in agreement with earlier results

in the KfK (5) and at Mol (7). As observed by CASTEELS (7) the carbon

activitiy increases with decreasing temperature in the loop for the

same cold trap temperature. Hence the carbon concentrations in sodium

calculated from the activities at 600 and 700 C are also slightly

different. It is difficult to explain this slight variation in the

values of the concentrations due to insufficient information about the

behaviour of different carbon species in sodium with changes in the

temperature. The concentrations of carbon in sodium determined with

this method are very much higher than the solubility of carbon at

150 °C calculated from the relation of LONGSON and THORLEY (4).

The values are much lower compared to the carbon content estimated

by the chemical method which range from 1 to 2 ppm. The apparent

discrepancy will remained unexplained till a detailed study is made

about the different complex species of carbon in sodium and their

influence on the carbon activity. On the other hand, the problematic

of sampling sodium to analyze it by chemical analysis may cause

some contamination. Because of the above discrepancy in the carbon

content determined by tab equilibration and the analytical methods,

more reliance is now placed on the carbon potential and the carbon

activity of sodium. These parameters have been found to be more

specific in explaining the carburisation and decarburisation of

structural materials in sodium. V'/
M

It is the thermodynamic activity of carbon in sodium rather than

the concentration that influences carbon transfer phenomena in the

structural materials. The tab equilibration method provides a simple

way to determine this parameter, and it is simple and less expensive

compared to the chemical estimation and the carbon monitors. The tab

equilibration is necessary to calibrate the carbon monitors. The

results of the foil equilibration compare well with the vanadium wire

equilibration for oxygen in sodium and is being used extensively in

sodium loops and reactor systems (9) in order to study the carbon

transfer phenomena which influence the mechanical properties of the

structural materials exposed to sodium.

This study has demonstrated that the foil equilibration method gives

results which agree with the thermodynamics, if the foil equilibration

is performed in the hot leg of the loop. To apply the method in newly

designed sodium loops for measurements of the sodium influence upon

the mechanical properties of structural materials, a removable ex-

posure device was constructed and fitted to the hot leg (10) and can

be used for both, the vanadium wire and the Fe- 18 wt% Cr- 8 wt% Ni foil

exposure.
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Table 1: Chemical Composition of Tab Materials Table 3: Carbon Activity and Carbon Concentration in Sodium 141

Tab

GF3O4

WARD

HEDL

0

0

0

c

.058

.034

.028

0

0

S

-

.010

.005

P

-

0.

0.

017

005

Composition
N Cr

0.04 18.3

0.09 19.5

17.7

(wt%)
Hi

8.5

9.45

7.9

Mn

-

1.80

0.05

Si

-

0.53

0.3

Cold Trap
Temperature

(°C)

150

150

Equilibration
Temperature

(°C)

600

700

Carbon Activity
in Sodium

(2.81 - 1.0) 10~3

(1.18 - 0.6) 10~3

Carbon Concentration
in Sodium

(ppm)

0.025 - 0.010

0.048 - 0.024

Table 2: Carbon Concentrations in the Equilibrated Tabs and Carbon

.Tab No.

1

2

3

4

5

&

7

8

Activities

Material

GF 304

GF 304

HEDL

WARD

GF 304

GF 304

HEDL

WARD

Thickness

(pm)

25

50

75

80

50

100

75

80

Tempera-

ture (°C)

600

600

600

600

700

700

700

700

Carbon

Content VI

0.021
0.034

0.026
0.026

0.033

0.020
0.019

0.01

0.018
0.018

0.016
0.015

0.005

Carbon

) Activity

2.3 10~3

3.8 10~J

2.85 10~3

3.& 10~3

2.2 10~3

2.1 10

0.95 10~3

1.7 10~3

1.5 10~3

1.4 10~J

0.49 10~3

10

10 J

to1

NATESAN and KASSNER

0001 001 0-1

Pig. 1: Carbon activity as a function of carbon concentration
in 18-8 Cr-Ni steel



10"' 10"1

Pig. 2s Carbon concentration in sodium as a function i*f carbon
activity
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0-1 .

0-001

Pig. 3: Carbon concentration in steel as a function of carbon
concentration in sodium



CARBON TRANSFER TESTS OF FBR STRUCTURAL
MATERIALS IN FLOWING SODIUM

Y. OHTA, H. ATSUMO, A. MARUYAMA, T. NAKASUJI
Reactor Development Project,
Power Reactor and Nuclear Fuel Development Corp.,
Minato-ku, Tokyo,
Japan

Carburization and Decarburization by Carbon Transfer Behavior J43

Test Loop

By using "Carbon Transfer Test Loop" simulating the secondary cooling

system of Prototype Fast Breeder Reactor "MONJU", carbon transfer test for

maximum 10,000 hours (1st run: 2,500 hours, and 2nd run: 5,000 hours, 3rd run:

10,000 hours) is carried out, and studies on the corrosion, mass transfer

and changes in part of mechanical properties are being made. This time,

the result of 2,500 hour carbon transfer test as the first of a series of

tests is reported. '

Introduction

Since the secondary cooling system of Liquid-Metal Fast Breeder

Prototype Reactor "MONJU" consists of a bimetallic loop of austenitic

stainless steel and ferritic low alloy steel, carburization occurs in

stainless steel and decarburization in low alloy steel mainly due to the

difference in carbon activity between the two materials. This phenomenon

is thought of suffer reduction in their mechanical properties.

In Japan also, since it is necessary to clarify these phenomena

quantitatively and feed back the result to the design standard, quanti-

tative evaluation of the amounts of carburization and decarburization as

well as studies on the changes in strength of the structural materials

caused by these carbon transfer have been underway.

Since these studies have not yet reached the final stage, this paper

provides mainly an interim report on carbon transfer behavior test and

introduction of partial data.

Test Procedures

Test Loop

The secondary cooling system of Prototype Fast Breeder Reactor "MONJU"

consists of austenitic stainless steel (Intermediate Heat Exchanger, Steam

Generator. Superheater)and ferritic low alloy steel (Steam Generator.

Evaporator).

The carbon transfer test loop is basically what the secondary system

of the "MONJU" is simulated on a laboratory scale (See Fig. 1), having

the following features.

It is a bimetallic loop made up with SUS 304 steel and 2-1/4 Cr-lMo

steel in which the secondary system of "MONJU" is simulated.

It has 2 test sections corresponding to IHX and SG of "MONJU".

These 2 test sections are of double tube type heat exchanger construc-

tion, with their internal tubes connected each other constituting an
O
O
CO
Ol



independent closed loop (main circulation loop).

This main circulation loop corresponds to the secondary system of

"MONJU".

This main circulation loop is provided with a purifying circuit

as a bypass having cold trap, hot trap, plugging indicator and sodium

sampling device.

That is to say, those corresponding to the IHX and SG of "MONJU" are

the Heating Test Section and Cooling Test Section respectively in this

loop.

Test Conditions

The test conditions of loop are as shown in Table 1.

Above all, the surface area ratio of SUS 304 steel to 2-1/4 Cr-1 Mo

steel is 1.9 ; 1.

Shape of test piece and specimen

Heat exchanger tube test section (HTS, CTS):

Heat exchanger tube itself is used as a test piece.

It is a 1-inch tube with outer diameter 25.4 mm and wall thickness

3.2 mm. Especially in the case of 2-1/4 Cr-1 Mo steel tube, decarburized

layer is generated during manufacture of the tube. As to the inside

surface of the tube which will be the subject of the test, the initial

decarburized layer was removed by means of honing to facilitate later

analysis.

Pellet type and bar type test pieces:

The pellet type (Outside diameter: 10 mm, inside diameter: 4.5 mm) and

bar-type (Outside diameter: 10 mm) test pieces are set at the center of J44

the internal tube of the heat exchanger tube test piece. The main

reason for this arrangement is to adjust the flow velocity (Leynolds

Number) of the heat exchanger tube test section to that of SG of

"MONJU", but auxiliary tests were also used.

Rectangular test pieces:

t it w t A w
Rectangular test pieces (2 mm x 20 mm x 20 mm , 2 mm x 20 mm x 10 mm )

were used mainly for corrosion rate test, carbon analysis and var.ious

kinds of metallurgical tests.

The chemical composition and heat treatment history of these test

pieces are shown in Table 2-(l), (2).

Test Results

Weight Change and Mass Transfer Test Result

Examples of weight changes obtained by this loop are shown in pig. 2.

(i) The result of weight measurement of rectangular type and pellet type

test pieces shows increases in weight on the high temperature side

(450°c or more) and decreases in other places in the case of 2-1/4

Cr-1 Mo steel.

(ii) The weight decrease in 2-1/4 Cr-1 Mo steel is due to decarburization

and to dissolve of Cr, Mn and Si as has been verified by fluorescence

X-ray analysis and Ion Micro Analyzer. Consequently the amount of

weight decrease after deducting the amount of decarburization is

not dependent on heat treatment, and it is similar to the value

that was already obtained by monometallic loop. Further, the aspect

of its surface corrosion is also the same.



(iii) The weight increase of SUS 304 and 2-l/4~Cr-rl Mo steels at 400°C

or less is dependent on the deposit of elements such as Cr, Mn and

Si, and the amount and the state of deposits are not dependent on

the kind of steels, heat treatment and grain size. Further, the

deposits was similar to those deposits observed in the lowest

temperature zone of the conventional monometallic loop.

(iv) The weight increase in SUS 304 steel at 450°C or higher is partly

due to carburization. As a result, on the surface zone contacting

sodium was observed precipitation of chromium carbide.. However,

other alloying elements such as nickel, silicon and manganese had

dissolved out.

Result of Carbon Transfer Test

(i) Decarburization of 2-1/4 Cr-1 Mo steel

The result obtained with respect to decarburization of 2-1/4 Cr-1 Mo

steel after 2,500 hour exposure by this loop is arranged as follows.

(a) The result of examination of temperature dependence of decar-

burization rate constant K is below the recommended design

curve by Krankota et al. and the gradient of the curve

is similar to the Krankota's value. (See Pig. 3.)

These data had lower values compared with the data that had

been obtained with monometallic loop in the past and they were

almost the same as those obtained with bimetallic loop in

another place.

Comparison of this result with the past result shows that in

the case of various kinds of heat treated materials having the

same type of carbide, the decarburization rate constant with

this loop is 1/2 to 1/10 the value with monometallic loop, and

this was thought to be the basic difference (loop dependence)

between monometallic loop and bimetallic loop. (See Fig. 4.)

(b) The result of examination of the effect of heat treatment on

decarburization shows that the decarburization constant K of

normalized-tempered 2-1/4 Cr-1 Mo steel is about one order

lower than the decarburization rate constant of annealed

material and is less than the value obtained with conventional

monometallic loop. (See Fig. 5.)

(c) The above result shows good correspondence with the morphology

and structure of carbides obtained by transmission type electron

microscope. In the case of a normalized-tempered 2-1/4 Cr-1 Mo

steel, very little morphological change was observed in M23C6

type carbide after sodium exposure.

On the other hand, in the case of annealed material having

inferior decarburization resistance, M3C carbide in the ferrite

and pearlite structure has been consumed, thereby presenting

the phase of decarburization.

(ii) Carburization of austenitic stainless steel

(a) As a result of examination of carbon concentration in tube

surface through the interior of the SUS 304 heating tube test

piece of heating test section (Temperature: 320 'v 510eC) of

carbon transfer test loop, carburization was observed in the
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temperature 2one, 425°C through 510°C, and the higher the

temperature in this temperature zone, the more was the amount

of carburization.

At temperature lower than 400°C, carbon concentration in the

outermost surface showed a high value but no carburization was

observed in the interior of wall thickness. The temperature

dependence of the amount of carburization of SUS 304 obtained

by the analysis of total carbon amount and emission spectro-

scopic analysis is shown in Fig. 6.

(b) in the isothermal region of 510°C of SUS 304 heating tube test

piece, a decreasing trend of carburization amount from upstream

toward downstream or the so-called downstream effect was

observed. (See Fig, 7.)

(c) The result of carburization amount of the test pieces of SUS 304,

SUS 316 and SUS 321 exposed at a time showed that SUS 321 had a

little more amount of carburization than the rest.

In Fig. 8 is shown the distribution of carbon concentration

from the surface through the interior of each kind of steels

carburized at 510°C.

Decarburization by Other Test Loops

Effect of Time Dependence on Decarburization Rate Constant of

2-1/4 Cr-1 Mo Steel

Of the test results obtained by material test loop 1 and 2 (PNC loop)

in the past, examples in which time dependence of K value is observed are

shown. This loop is a monometallic loop of SUS 304, and the surface area

of 2-1/4 Cr-1 Mo is roughly calculated at 304 : 2-1/4 Cr-1 Mo = 130 : 1.

The test was carried out with oxygen concentration in the liquid sodium

at 10 ppm and 5 ppm respectively and the flow velocity at 1^3 m/sec.

Fig. 9 shows the result of the test. That is to say, the result of

comparison of decarburization rate constants of 2-1/4 Cr-1 Mo steel after

sodium exposed for 2,500 hours, 5,000 hours and 10,000 hours at tempera-

tures 520°C, 550°C and 600°C respectively is shown. As it can be seen

from this diagram, K value shows time dependence, and lowering of K value

with the increase in sodium exposure time is clearly observed.

The following causes for this phenomenon can be considered.

o There occurs stabilization of 2-1/4 Cr-1 Mo steel itself resulting

from the changes in morphology and structure of residual carbides

with the long term exposure at a certain test temperature.

o With an increase in deposit on the surface of test piece, carbon

transfer rate from the surface decreases.

o There is an effect of plate thickness (geometry effects) of the test

piece.

o Possible increase in carbon activity in sodium.
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However, from the standpoint of prediction of decarburization in

long-term exposure, these phenomena are evaluated conservative.



Effect of Decarburization on Stress Relief Heat Treatment (SR)

of 2-1/4 Cr-1 Mo Steel

Japan plans to use normalized-tempered material (NT material) of

2-1/4 Cr-1 Mo steel as the material for steam generator • Evaporator.

And in the fabrication sequence of the reactor, there are welded parts

invariably such as shell plates, tube-tube and tube-tube sheet joints.

Consequently stress relief heat treatment will be performed after welding.

But, SR time is thought to vary with the fabrication process and the

place concerned, and in the case of "MONJU", the maximum SR condition

estimate to be approximately 720°c x 8.4 hours.

Therefore, for the purpose of evaluating the effect of the materials

subjected to the SR on decarburization, the following test was carried

out.

Test Conditions

Loop used : Material t e s t loop (IHI loop)

Test temperature .- 545 "C (MT1), 505 °c (MT3), 455 °C (MT3)

Exposure time : 2000 h r s .

Oxygen concentration in l iquid sodium:

CT temperature : 190°C

Test Piece

T.P. size

Material :

Heat treatment(SR)

conditions

t w $L
3.8mm x 20mm x 25mm (Rectangular type)

2-1/4 Cr-1 Mo steel (NT material)

(950°C X 10 minAC + 740°C x 1 hr AC)

No SR, 720°C x 2 hr F.C.,

720°C X 5 hr F.C.,720°C x 8hr F.C.

On the conditions, NT material as received and (NT + SR) material

were exposed by one and the same loop. And the amount of decarburization

of 2-1/4 Cr-1 Mo steel was evaluated as K value by means of emission

spectroscopic analysis.

According to the result of evaluation presented in Pigs. 10 and 11,

it has been confirmed that decarburization rate of NT + SR material is

suppressed compared with NT material (as received). The reason of this

effect can be clarified by the fact that carbides tend to transfer towards

MeC as a result of SR treatment, since decomposition of carbides find to

give lower rates in the sequence of MeC, M2C, M7C3, M23CS, M3C, as

reported by Shida et al. '

Conclusion and Future Themes

In this paper, the data on loop dependence, heat treatment dependence

and time dependence of K value in the case of 2-1/4 Cr-1 Mo steel in

particular as well as the data on carburization of SUS 304 steel are

presented.

In Japan also, numerous data on 2-1/4 Cr-1 Mo steel are being accumu-

lated, and it has come to be recognized that the data will be greatly

affected by the material factors such as heat treatment and structure of

material or the conditions of sodium side including the initial carbon

content in sodium, carbon activity.

It can be thought that a number of themes are yet to be studied con-

cerning decarburization of 2-1/4 Cr-1 Mo steel and carburization of

stainless steel.

As described above, for example, the following themes are yet to be

solved, that is, (1) time dependence, temperature dependence and heat
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treatment dependence of K value with respect to decarburization of 2-1/4

Cr-1 Mo steel and (2) temperature dependence, time dependence and material

dependence of carburization with respect to stainless steel also, (3) and

furthermore, these amounts of carbon transfer are not grasped in relation

with in-sodium carbon concentration (quantity of active carbon).

On the assumption that these studies will be continued as the themes

to be solved in future, we recognize the present status as follows.

(1) By accumulating the data on decarburization rate constant (K value)

using a simulated loop (carbon transfer test loop) of Prototype Fast

Reactor "MONJU" and also using the materials (with chemical composi-

tion and heat treatment limited) which are scheduled to be used for

"MONJU", it is possible to evaluate the amount of decarburization of

2-1/4 Cr-1 Mo steel which may be caused during the operating life of

a reactor.

(2) As to carburization of stainless steel also, no sufficient data are

available as yet, but it is possible to evaluate the amount of car-

burization which may be caused during the operating life of a reactor,

by introducing the way of thinking of carburization rate constant

same as the case of decarburization.

(3) In parallel with the predicition of the amounts of decarburization

and carburization, by establishing relations between the amounts of

decarburization and carburization and the variables of mechanical

properties, it is possible to feed back the so-called sodium effect

to the design standards.

Although this was not touched in the paper, the data on the tests

coming under item (3) including in-sodium creep test, in-sodium fatigue

test and in-sodium creep fatigue test as well as the data on short-time

tensile strength after sodium exposed are being accumulated at present.

Further, a plan for testing the decarburization and carburization

behaviours of not only base metals but also welded parts is under

progress.
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Table. 1 Comparison of Design Data for MONJU and Carbon Transfer Test Loop

Item

Material

Na Velocity
(Reynolds Number)

Na Flow Rate

Temperature

Tube Dimension (mm)

Surface Area Ratio
(Au.stenite: Ferrit)

Cold Trap Temperature

Na Circuation Time

Na Inventory

MONJU

!HX

fSH
SG

IEV
Piping

I Tube

SG(EV) Shell

_. . /Primary
P 'P'n9 I Secondary

Secondary Circuit

IHX l l n l e t
I H X (Outlet

cu f Inlet
_ S H lOutlet
S G (Inlet

E [Outlet

IHX

SH
SG

EV

SUS 304

SUS 304, 316, 321

2jCr-IMo

SUS 304

0.9m/s
1.3 (6.2-8.7XI04)

0.4-0.8

3-4 (8 . IXI0 6~l .0XI0 7 )
5 (7.0-9.8XI06)

3.53XI06 kg/hr

320'C
510

5IO"C
454
454
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21.70X1.2t

31.8(6X3.5t, 25.40X3.2t, 15.9(6X2.Ot

31.80X3.5t, 25.4(4X3.2t, 15.90X2.3t

Secondary Circuit
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Carbon Transfer Test Loop
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Main Circuit

Main Circuit

SUS 304
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0.3~!.0m/s(2.6X!04)
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320°C
510

5IO°C
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Table 2-(1) Chemical Composition and Mechanical Property of Austenitic Stainless Steels

Specimen
Type

Tube

Bar &.
Pellet

Coupon

Notation
&

Material

304

304-2

304-1

316-1

316-2

316-3

321

Chemical Composition (wt. %)

C

0.06

0.07

0.05

0.06

0.05

0.07

Si

0.64

0.64

0.43

0.44

0.54

0.59

Mn

1.04

1.63

1.81

1.60

1.54

1.55

P

0.027

0.036

0.030

0.022

0.01

0.023

S

0.007

0.008

0.024

0.014

0.01

0.006

Ni

9.47

8.30

9.69

11.98

12.8

11.89

.Cr

18.30

18.75

19.55

16.69

16.3

18.05

Mo

—

—

0.12

2.41

2.3

-

Ti

—

—

—

—

<0.0l

0.42

Tensile Property (RT)

Yield Slrength
(kg/mm2)

Tensile Strength
(kg/mm2)

62.0
61.4

66.5

60.8

63.1

Elongation
(%)

63.0
66.2

61.8

Rookwelt-B
Hardness

(HR8)

92.8

Heat
Treatment

1,100'C W.O.

1,100'C

X ^hr.W.Q.

1,060'C

X Jrhr.W.Q.

1,060°C
Xlhr.W.Q.

1,140'C W.O.

Reference

ASTM Grain
Size No. 6

ASTM Grain
Size No. 8

Table 2-(2) Chemical Composition and Mechanical Property of 2^Cr-1Mo Steels

Specimen
Type

Tube
&

Coupon

Bar &
Pellet

Coupon

Notation

CA-I

PAN

CA-2

SAN-I

SNT-I

SNT-2

Chemical Composition (wt. %)

C

0.09

0.11

0.10

0.09

O.IZ

0.09

Si

0.39

0.40

0.38

0.39

0.30

0.39

Mn

0.50

0.51

0.48

0.44

0.45

0.44

P

0.019

0.017

0.018

0.018

0.006

0.018

S

0.005

0.006

0.005

0.007

0.011

0.007

Cr

2.21

2.21

2.18

2.15

2.22

2.15

Mo

0.98

0.96

0.96

0.94

1.00

0.94

Tensile Property (RT)

Yield Strength
(kg/mmJ)

29

30

Tensile Strength
(kg/mm2)

50

v 50

Elongation

(%)

49

46

Rockwell-B
Hardness

(HRB)

81
82
83

81

80

Heat Treatment

Annealed "

Annealed2)

Annealed31

Annealed & Tempered"

Normalized &.
Tempered5)

„ 6)

I)

920'C
/~\720'C

2)
920-CX0.3hf

,725-CXIhr

3)
920'C XO.Sfr

A.C.

A.C.

IDO'C/hr

4)

92O'CXO.2ht

l725txihr 725'CXIhr

5)
92(TCX(].2hr

600*C1
A.C.

76O'CX3hr

6)
920-CX0.2hr

A.C.

740'CXIhr

2,500-
3,000"C/hr

A.C. 2,500-
3,000'C/hr

A.C.

150
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Fig. 1 Comparison of MONJU Cooling System with Carbon
Transfer Test Loop System
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BEHAVIOUR OF CARBON-BEARING IMPURITY
SUSPENSIONS IN SODIUM LOOPS

F.A. KOZLOV, Yu.I. ZAGORULKO, V.V. ALEXSEEV
Institute of Physics and Power Engineering,
Obninsk,
Union of Soviet Socialist Republics

Abstract

The experimental estimation results of the carbon-bearing

impurity, particle sizes in sodium by the sedimentometric

analysis methods are presented.

The techniques and results of the mass transfer calcula-

tions between the sodium flows contained the carbon-bearing

impurity disperse phase, and the channel walls, the carbon par-

ticles solution kinetics, the soluble carbon near-wall concent-

ration in channel with allowance . for the flow-wall mass trans-

fer processes are given.

Nomenclature

<^ - Particle diameter on channel input, m',

^ - Particle diameter, a*,

^Z" - Time, s*

J)A - Channel diameter, m!,

U - Average rate of sodium in channel, m/s*

W - Particle flow around rate*,

^ - Farticle material density,

P - Sodium density, kg/nr*.

J) - Diffusion coefficient of soluble substance in

sodium, m /st.

V - Sodium Viscosity, m /s*.

Cs - Saturation Concentration of soluble substance in

sodium, kg/m ,

Qp" - ConceKtratior; of substance soluble in flow, kg/m ',

Cp - Concentration of soluble substance on channel

input, kg/m ,

r°
ut - Concentration of suspension substance on channel

input, kg/m ,

Cn - Near-wall concentration of soluble substance, kg/m ,

B/urt- - Mass transfer coefficient for particles in flow, m/s

Bc7- - Mass transfer coefficient for particles on channel

wall, m/s*

prb - Mass transfer factor of soluble substance from wall

to flow core, m/s*

2iT - Deposition density on flow wall, kg/m *.

/C - Deposition coefficient, m/s;

L - Distance from pipe input, m*,

// - Sodium column height, m*
^ - Gravitational acceleration, m/s^«

/(c - Deposition coefficient of erosion particles'

C? - Plushing-away coefficient'

^/' - Concentration of erosion particles';

A/c - Flow of particles deposited or. channel wall*,

/\/c - Plow of particles from channel wall.
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INTRODUCTION

The thermodynamic carbon activity in sodium coolant of

nuclear power plants and connected with it the sodium carburi-

zation potential with respect to the structural materials contac-

ting with sodium are the concentration functions of carbon

soluted in sodium.

At the same time, as.the chemical analysis results of the

industrial sodium used to feed in plants and on working plants

testify about that, the carbon-bearing impurity content, as a

rule, exceeds considerably the impurity solubility limits at the

temperatures 3OO-35O°C typical for the sodium loop low-temperature

part. Hence it appears that the most part of the carbon-bearing

impurities is present in the sodium coolant as the suspensions

generated the complex polydispersed system.

An evolution of given system in the non-isothermal loop

conditions is determined by the mass transfer processes with the

loop walls, the particle solution in the flow and the deposits.

In the loop low-temperature zones, the mass transfer proces-

ses accompanied by the particle transition on the walls and the

particle flushing-away right up to coming the equilibrium of

these processes and forming the deposition equilibrium layer, the

value of which is determined by the hydrodynamic conditions and

the suspension concentration in flow prevail. In the high-tempe-

rature zones, the particle solution both ixi flow and in near-wall

area, in deposition layer occurs along with the mass transfer •

processes of the dispersed phase particles. As a result, the

soluted carbon-bearing impurity mass transfer between a near-wall

area and a flow arises.

It follows from general considerations that the longitu-
158

dinal-radial profile of the soluted carbon concentration with

maximum value in the near-wall area of each channel cross-section

will take place in non-isothermal flow conditions by the simulta-

neously proceeding processes of the particle solution and the

mass transfer in a channel. The concrete shape of this profile

depends on the concentration of soluted carbon on the channel

input, total carbon concentration in sodium, the particle size,

the temperature field, the flow regime.

The analytical solution of complete equation sys.tem described

processes of a mass transfer and a particle solution in sodium

flow seemed not possible in view of its complication. The practi-

cally useful estimates of the soluted carboi; near-wall concentra-

tion car. be accomplished on the basis of the simplified model. In

the given case, a simplification is reached comparing the flow

core particle solution process proceeding intensity and the flow-

wall mass transfer process intensity, taking into account the

solution of particles passing in the i^ear-wall area.

As the calculatioiis show for the case of channels with the

ideally reflected walls (ro wall deposition accumulation occurs),

the flow core soluted carbor. concentration increase by the dis-

persed phase solution is small enough and one can uegleet by it.

Therefore, for the short high-tempetature channels, for example,

the reactor core channels, the basic contribution in the soluted

carbon concentration change is conditioned by the particle solu-

tion in the near-wall area.

The most important parameter determining processes of the

carbon particle mass transfer and solution is their average size.

Difficulties experimentally to determiiie this value are connected



with the carbon particle aggregation in the course of their

releasing from sodium. The approximate estimates of this sizes

a description of which is further presented were accomplished by

the sedimentometric analysis method.

In this paper, considering mass transfer processes of the

suspension-carrying flow with walls the case of the stable mono-

disperse system concerns. The transition to the polydisperse

system case not presented the technical troubles would obviously

be sensful if the distribution functions of particles by their

sizes corresponded to the real systems is known.

The basic mechanism of the particle transition on a channel

wall ir. the mass transfer processes is taken in accordance with

Beal model j]i J.

SIZE ESTIMATE OF CARBON-BEARING IMPURITY PARTICLES IN

INDUSTRIAL SODIUM AND BEHAVIOUR OP CARBON SUSPENSION

IN CIRCULATION LOOP.

The disperse system stability in the static conditions is

determined by the average size of the disperse phase particles.

When exposing for long some sodium volume with the column height

H durir.g the time interval ^C in conditions similar to isothermic

conditions one can estimate according to the average concentration

change the carbon-bearing impurity sizes proceeding from Stokes

formula

cf < C^^M/g^ffc/p^ - /)J 2 (D
With the purpose of conducting such estimates for industrial

sodium the sodium sample chemical analysis results for carbon

forms sampled for the long time (50 days) from the near-bottom
159

zone of container with 800 kg of sodium at the temperature 150°C

were used.

The carbon-bearing impurity average content in sodium on

the grounds data of 18 samplings formed 3-2 mln of the non-vo-

latile carbon forms, 2±1 ppm of carbonate, 9 mln"1 of acetylide.

Volatile carbon forms were within the blank experiment value.

The carbon impurity quantity found in a sediment and deposi-

tions on the bottom and the container walls after sodium removal

from this container formed evaluating in 800 kg of sodium 1.3ppm

i.e. about 8.5-9 per cent of the total carbon content in the

container volume.

In accordance with the dependence (1) by H=1m (the sodium

column height in a container) and<2~=4.31 10^s the particle

diameter of carbon-bearing impurities in sodium forms 0.4 mkm.

The obtained result coincides practically with data of ref. 2

according to which the average diameter of carbon particles in

sodium is 0.3 mkm.

Then, sodium from the container was transfered by a pressure

in the SID stand (washing preliminarily twice by the same sodium

from a container). The loop diagram and its description are given

in ref. £3] . The analysis results of sodium samples for carbon-

bearii.g impurities choosed from the loop during several days

conform well to data for the container. In this case, the absence

of the marked concentration change by the mass transfer with the

loop walls (the sodium rates in pipes were 2-5 m/s) is explained

by loop preliminary washing with the same sodium when accomplishing

the circulation as a result of which the deposition equilibrium

layer forming occurs on the loop walls.



Experiments accomplished when introducing in the circulation

loop the graphite powder with particle size 2-5 mkm by the initial

concentration equal to 140 ppm showed the quick concentration

reduction during the short time (about 24 h) to 14 ppm. In this case

the concentration change is explained, besides possible particle

separation in the respiratory loop capacity, by the mass transfer

processes in accordance with Beal mechanism. The deposition layer

forming observed in this case on the stainless steel 1X18H10T

specimens (in the form of plates with surfaces of 2.1 and 1.2 dm )

introduced ir, a loop before graphite feeding evidences that.

First specimen was placed along axis of the vertical pipe and se-

cond one was introduced in the respiratory loop capacity. Sodium

rate ii; the pipe with a specimen was 2.5-3 m/s, sodium flow rate

through a respiratory capacity contained 100 1 sodium was 5.5-6nr/h.

The thin coating of the graphite particles was detected or: both

specimeiiS after extracting from a loop in 170 hours of the exposure.

7.35 10"-^ g of carbon were detected on specimen standing in a

pipe, 5.66 10 g - on other specimen.

The carbon activity measurement when introducing in a loop

the carbon-bearing impurity powders (graphite, lamp soot, inter-

action products of sodium with acetylene) using the carbon activity

diffusion detector detected rot any marked activity level change

in stationary hydrodynamical conditions of sodium priming with

great flow rates through the heater leg on the by-pass of which

the carbon detector was placed. The latter fact evidences that the

solution of carbon particles with sizes formed micron unities when

passing the short high-temperature legs changes insignificantly

the soluted carbon concentration along the leg length.

SOLUTED CARBON NEAR-WALL CONCENTRATION VALUE

CALCULATION ESTIMATES IN HIGH-TEMPERATURE CHANNELS
160

Two variants are considered in the soluted carbon near-wall

concentration calculation scheme in high-temperature channels

mentioned below. In first variant the deposition density is

assumed to remain constant and to conform to the equilibrium

value which is reached by the predetermined suspension concentra-

tion on the channel input* Here the particle flushing-away the

deposition layer is also overlooked. In second variant the deposi-

tion layer density change as a result of the solution of particles

formed the layer is taken into consideration.

The basic assumptions underlain the considered model consist

in the following. The soluting particle monolayer assumed to be

on the round channel walls. The interchange of particles suspended

ir. the turbulent flow and lying on the enamel walls occurs simul-

taneously. Particles in the flow and on walls have the same size

which is changed depending on the distance to the canal input.

There is the uniform particle distribution in the flow cross-section.

The equilibrium value of the carbon-bearing impurity particle

d e positions on the rouiid cai.-al surface is calculated using methods

presented in ref. I 1,4 j .

Taking into account the mass balance, the differential

equation system described the mass transfer process of the suspen-

sion-carrying flow with the channel walls can be represented as:



D, (2)

In the system (2) recording the deposition layer erosion is

taken into consideration. To judge by the erosion particle equi-

librium concentration assumption and considering all the particles

as suspended, to determine the coefficient K according to ref.[4J

the same formula is now used which is employed for the coefficient

. In the equilibrium state the wall particle deposition rate

is equal to their flushing-away rate. The physical sense of the

deposition and flushing-away factors described the suitable

process rates follows from expressions

K -M/C* (3)

•/('-A/J/Ci (4)

/<c*A/c/ur <5)

The solution of system (2) with initial conditions

O, L *O, C* -0 J

can be obtained in the analytical form:

- /<c

(6)

f ex/0 faT) + expfyiT) 7
[ %-%* %'% J

where

(7)

(8)

In case 4J(

ur -

» eq.(7) is converted into the form:
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(9)

When Oo

(10)

The deposition coefficient values calculated using technique

[1] for different values DK , U , £ , Yi are given in Table 1.

p

The soluted carboi concentration in the flow core *•'/> and

the near-wall layer Cp can now be estimated accepting the

channel wall deposition equilibrium density according to the

expression (10).

Takin into account the channel wall depositions the equation

system described the flow particle solution assumes the form:

c; c; 0- (11)

The system (11) is converted into the following form:

0 - f (12)



where
r '

In accepted symbols

(13)

The flow particle solution calculations without regard for depo-

sitions accomplished according to the technique i"5 \ indicate

that the particle size change can be neglected for short legs of

the order of one metre long and at sodium rates of metres in se-

cond (see Table 2). On this basis can be assumed constant, In

this case the system (12) solution will have the form:

w

where

J- + J- axcto JdiF

(14)

(15)

(16)

or

To calculate the mass transfer coefficient the following depen-

dences ( 5,6 ) are used:

(17)

0,0,-525 (18)

fir/t = 0,023 (19) m

The expression (18) is obtained assuming that the particle flow

around rate is equal to the flow rate at the distance ce/z from

a channel wall. As particle sizes exceed not the Carman laminar

sublayer thickness the value V is determined from the condition

1/, = 1£ where </+ =yur*/)} , TS+ - V/V * ,'

0,22/

For globular particles 6 :
0.6

where

(20)

D
To take out eq.(19) the Heat-mass transfer analogy was used. As

initial the relation is taken

fa = 0.023 /?/A*P**« (21)

where fi'^ ..

The values calculated taking into account the indicated assump-

tions are given in Table 3. As in this case the deposition density

change due to the wall particle solution was overlooked the values

are obtained overrated. Taking into account the density

change at the cost of tne particle solution in the wall depositions

(22)

Adding this expression to the equation system (12) and accompli-

shing t!;e suitable transformations the expanded equation system is

*>-= #/*< -4. (c?-crr)]



resulted in the form:
tions in sodium. The "sensibility" of calculation results to para-

(23)

where

a -

M * O 'CO

F ̂

A -

2K C'

" • •

The calculation values of the near-wall concentration ob-

tained on system (23) are given in Table 4. In this case the

flow core carbon particle solubility is as previously overlooked.

The calculation data analysis presented in Tables 2,4 indi-

cates that by the reasonably high concentrations of carbon in so*

dium presented as suspended particles the soluted carbon near-

wall concentration change along the short high-temperature channel

is negligible. This fact may explain the absence of the catastro-

phical fuel rod shell carburization by the high carbon concentra-

meter, such as the particle size gives consideration. Specifically,

from the Table 4 the extremum presence takes place for the near-

wall concentration value in a range of the initial particle size
—7 —5

change from 5 10 m t o 1 0 m . Obviously, this extremum is accoun-

ted for by the deposition density change character on channel walls

depending on the particle size.

Another parameter affected essentially the soluted carbon

near-wall concentration value is the average rate of sodium in

channel. With decreasing rate the near-wall concentration growth

can arise to values presented the real danger for channel walls.
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Table 1 Table 2 164

9*

Deposition coefficient Values calculated by

technique 1 .

K-IO5,

u , MKH

Kg/M3 M

O.OI

5-I03 O.I

0.5

0,01

2-I03 0,1

0.5

10

5

I

10

5
I

10

5
I

10

5

I

10

5

I

10

5
I

10

3185

1170

5,426

1876

637,6

2,274

1254

440,7

1,333

2566

805,3

2,929

1408

393.2

1,347

1016

209,8

0,8324

S

1928

284,1

0,8312

1080

101,9

0.3831^

763,7

57,96

0,2391

1316

96,28

0.5798

594,3

42.14

0,2864

325.0

26.02

0,1836

1

22.95

2,610

0,1366

11,04

1,409

0,1026

7,210

I,0010

0,0863

13,75

2,001

0,1349

7.175

1.163

0,1018

4,913

0,8600

0,0859

0.5

4,755

1.203

0,1834

2,850

0.8696

0.1436

2,169

0,7121

0,1232

3,874

1,141

0.I83I

2,482

0,8324

0.1434

1,950

0,6954

0,1231

0.1

4.266

2,183

0,4955

3,433

1,757

0,3944

3,016

1.539

0,3415

4,255

2,182

0,4955

3,428

1.756

0,3944

3.013

1,538

0,3415

Carbon particle solution in flow at distance of 1 m from channel
c o

input at Ct =20 ppm, Cp =3.6 ppm.

u 10

L , 5-I0'7
io- 5-10-7 io- IO-5

(UL)
voT7

vrt0T

-P )

0

0

3

.884516

.996

,839

0

0

3

,885440

.998

,720

0

0

3

,886272

,9998

.605

0.

0.

5,

867882

962

795

0.

0,

4.

877123

980

776

0

0

3

,885440

,998

,720

Table 3

Calculation results of near-wall concentration of carbon soluted

in sodium at uf=const ( U =1Qm/s*. D K = 0.01m* L =1m* T =7OO°C).

C°x, ppm

Cp, PP"1

'W'.IO5 Kg/M2

C o , M

r >)OT

C p ) pPM

l p , P?m

I/to

5-I0"7

7,87

14,0

0,997

20

3.6

3,93

io-6

6,36

10,8

0,999

10-5

4,11

4,9

I

5.I0"7

2,0

4 .1

0,996

5

0,5

0,981

IO"6

1,39

2.7

0,998

10-5

0,644

0,86

I
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Table 4

Calculation results of near-wall concentration of carbon soluted in

sodium taking into account change of depositions density by their

solution ( U =10 m/s; D K = 0.01 m*. T = 700°C*, j_ * 1 m)

C?,F

Cpj f

p

K-IO5

Cp0T .

r c

H

K/O

ppm

5 tce/M2

5<IO-7

3,874

3,894

4,332

0,196

20

3,6

I 0 -6

13,75

4,415

5,628

1,02

10-5

2566

4,111

4,871

3.92

5-I0"7

3,87*

0,573

0,682

0,0619

0.

10

13

0,

I .

0,

5

5

-6

,75

710

020

236

JO"5

2566

0,642

0,852

0,979



A COMPUTATIONAL MODEL FOR THE CARBON TRANSFER
IN STAINLESS STEEL SODIUM SYSTEMS

S. CASADIO, G. SCIBONA
CNEN-CSN della Casaccia,
Lab. Chemica Fisica (RIT/MAT),
Rome, Italy

ABSTRACT

It is proposed a method of computing the carbon transfer in the type 316,

3O4 and 321 stainless steels in sodium environment as a function of tem-

perature, exposure time and carbon concentration in the sodium.

The method is based on the criteria developed at ANL by introducing so-

me simplifications and takes also into account the correlations obtained

at WARD.

Calculated carbon profiles are compared both with experimental data and

with the results available by the other computer methods.

The limits for quantitative predictions of the stainless steel carburization

or decarburization exposed in a specific environment are discussed.

1) - INTRODUCTION

When exposed in high temperature liquid sodium the stainless steels can under-
1-15go carburization or decarburization , The driving force of the process

could be in principle obtained from the thermodynamic functions of the carbon

species present in all phases of the system, while the carbon transfer kinetics

is characterized by its interstitial diffusion in the steel matrix accompanied by
2 3the precipitation or the dissolution of carbides ' . The dynamic conditions of

the flowing sodium seem to play a minor role on the process

In pumped sodium loops the "local" carbon uptake or release by the piping ma-

same in the different components of the loop) and essentially on the "local!1 tem-lbu

perature . Under steady-state conditions, carbon migrates from the highest

carbon activity regions where decarburization occurs to the lowest carbon ac-

tivity zones (which undergo carburization).

It is of considerable interest to get a model for quantitative predictions of car-

bon diffusion in steels under chemically characterized sodium environment.
3

Snyder, Natesan and Kassner (ANL) developed a generalized method for com-

puting carbon concentration-distance profiles for the austenitic reactor steels
Na

type 3O4 and 316 exposed in sodium as function of time, temperature and C
The calculation is based on the thermodynamic expressions relating the activi-

ty of carbon in sodium Ca_ ) to the activity in the steel (a~ ) and to the concen-

tration of carbon at the sodium/steel interface (C ) . Moreover this model takes

into account the precipitation kinetics of the chromium rich carbide (Cr,Fe]L.,Cg

in the biphasic diffusion problem and allows to consider the effect of the thermo-

mechanical history (solution annealed versus cold worked) of the steels on the

carbon transfer kinetics. i

terials depend on the carbon concentration in sodium CC , assumed to be the

By following a more direct empirical approach, Shrock, Shiels and Bagnall v> —

(WARD) developed a method based on a standard tab-equilibration technique ^ = =

to measure the "carbon potential" Cq (defined as the equilibrium carbon content o ——

in the steel after its exposure at 7O4°C in the sodium of the system under exami JO ^ _

nation) by which C can be evaluated in the different zones (having different tern | = ^

peratures) of the sodium loop. =^=

These authors performed the calculation of the shape and depth of the carbon

gradients by assuming that carbon transport within the alloy is entirely bulk dif-

fusion.

In this work a method is proposed to evaluate the carbon transfers in austenitic

steels exposed in sodium of known carbon content. This method includes the ANL

approach only to obtain C . This important boundary parameter is alternatively

evaluated calculating(instead of measuring) C s and then by using the WARD'S cor-

relations .



2) - EFFECTIVE DIFFUSION COEFFICIENTS.

By assuming the one-phase diffusion problem to be formally valid provided an

effective diffusion coefficient CD „J obtained by experimentally determined car-

bon concentration-distance profiles is used, the carbon profiles can be produ-

ced in simplified mathematical form.' For example in the smiinfinite case the car-

bon concentration (C) as a function of both the distance (x) from the sodium/steel

interface and the exposure time (t) is given the well-known erf function (y) of

equation (1):

y = CC*-C)/CCX- CO - erf(x/(2 /D e f f t» CD

C° being the original carbon concentration in the steel.

The D „„ parameter is generally obtained by best-fitting procedures to match y

with the experimental profiles. Our computer technique based on the least-squa-

re method was found to work satisfactory for the analysis of the decarburiza-

tion of the low alloyed 2-rCr-l Mo ferritic steel above 55O°C as shown in the

example of Fig. 1.

Equation (1) was also found to be roughly representative of the carbon gradients

observed in sodium exposed austenitic steels ' . Fig.2 reports as an exam-

ple our best fit analysis of the experimental points reported by Plumlee and

Lauritzen CGE) referring to the carburization of the type 316 SS at 533°C pla-

ced both upstream, and dawnstream the carbon source in an isothermal test sec-

tion.

Some D f , values concerning the carburization of types 316 ' ' , 3O4 and
1

321 stainless steels are plotted versus temperature in Fig.3 with other values

reported elsewere . Among the available diffusion coefficient-temperature

functions the relations reported by Walker for the 316 SS and by Anderson

and Sneesby for the 3O4 SS, seem to be the best ones to describe the carbu-

rization process for the austenitic steels.

On the other hand sufficient evidence exists to indicate that the

functions of Ref.'8 Cthe lines 3 and 4 in Fig.3, close to the true carbon diffusion

equations 5 and 6,Ref.3>18) could better describe the decarburization process ' '

3) - THE GENERATION OF CARBON-DEPTH PROFILES. 167

The carbon act ivi ty in sodium i s assumed to follow the Henry ' s law C2):

Na C2)

13S being the solubil i ty of carbon in sodium. According to Longson and Thor ley

SCppm) = 5.O3 l O 7 e x p C - 1 3 7 4 O / T C ° K ) ) (3)

Since at the s t a in le s s s tee l / sodium in ter face the thermodynamic equilibrium is

assumed to be established it follows a_ = a_ (4).' The correlation between
SS *

a_ and C is given by the self-consistent set of thermodynamic relations repor-

ted in the Appendix A of Ref.3.

On the basis of the TTP behaviour the average solute carbon concentration CC)

in the austenite can be obtained by means of an appropriate computer subrou-

tine for the temperature and exposure time specified as well as for the given

microstructural parameters about geometrical characteristics of the carbide

phase.

The carbon gradients considered for the diffusion problem were those concer-

ning only the dissolved carbon in the austenite, the total carbon profiles being

finally obtained by adding the carbide-segregated carbon.

In such a way Cs is also calculated to get a further evaluation of C by using

the WARD'S correlations C5) and C6) for the types 3O4 and 316 stainless steels

respectively

logloCC*/Cs) = 3.76389 - O.OO5315 T C°C) C5)

log lo(C*/Cs) = 2.96O524 - 0.004163 T C O C6)

In this last case the carbon profiles are produced by the direct application of

the equation Cl). The analysis in both cases is also performed for the finite wall

specimens as required when the carbon gradient depths become comparable to

the thickness of the exposed alloy. This computing technique is estended to ty-

pe 321 stainless steel by simply taking into account the carbon gettered by the

precipitated TiC carbide during the solution annealing treatment. If the solution

treatment occurs at the temperature T s the solute carbon can be evaluated by



knowing the original carbon and titanium composition and the carbide solubility

law. We adopt an average value resulting from the crossing points of the ste-

chiometric Ti to C ratio line starting from the original composition point with
•4 /T -i i-i.

the solubility products given by the relations (7) and(8) in the Ti-C solu-

bility diagram.

- 89OO/TS(°K) + 4.46 (7)

= - 688O/Ts(°fO +2.52 (8)

During the exposure time in the sodium, environment the only precipitating car-

bide is then assumed to be the (Fe,Cr) -C,- with the same procedure employed

for the type 316 SS.

4) - RESULTS AND DISCUSSION

It must be recalled that the ANL model and hence also the present reduced ver-

sion, cannot be applied when the carbon concentration in the steel is more than
3

l.Cf/c . This condition implies a limit for the carbon concentration in sodium

which cannot exceed about 2ppm in many practical cases. On the other side the

extrapolation of the thermodynamic correlations involved in the computation to

very low carbon activity levels seems to give few allowances . We compare cal-

culated profiles with experimental data concerning some carburized stainless

steels under sufficiently defined environmental conditions ' ' '

The reproduced carbon profiles were found to roughly follow the experimental

trends, and in any case the results are comparable to those obtained by the com-
3

plete ANL code (see the examples reported in Fig.4 and 5) while a drastically

reduced computer time was needed.

The calculation based on the WARD'S criteria was found to give C values in ac-

ceptable agreement with those directly calculated by the ANL model. This result

confirms how the WARD'S empirical approach is supported by pure thermodyna-

mic correlations within the reasonable uncertainty joined to the available thermo-

dynamic functions.

In the examples reported in Fig.4 and Fig.5 the profiles obtained by the ANL co-

de (dotted lines) are compared with those resulting by the simplified method pro-

posed here (full lines) by using the D „„ following Walker . The pointed lines *|gg

are the carbon profiles resulting by the WARD'S correlations (but with a different

choice of D „_).

For the type 321 steels the assumed simple criteria seems to reasonably work on

some available experimental data were the carburization of .such a steel is compa-

red to the behaviour of the type 316 steel specimens placed in the same sodium

loop ' (see the example in Fig.6).

Quantitative long-term predictions (several years) of carbon diffusion under specific

environmental conditions by these computer methods have to used with many cau-

tions expecially out of the 65O-55O°C temperature field where the confidence le-

vel was found to be hardly sufficient.

In fact at higher temperatures the chromium and nickel depletion occurring at the

austenitic alloy surface induces a carbon level decrease in such a zone '

(see the results reported by Natesan some of which are plotted in Fig.4). The

observed inhibition of the carburization of the stainless steel with time was ascri-

bed by Schneider, Borgstedt and Frees to the ferritic layer growing in the

Ni-depleted zone during the exposure in sodium at 7OO°C.

On the other side at lower temperatures the microstructure of the steel plays a

considerable role on the carbon transfer kinetics ' ' ' , while the available

thermodynamic functions and diffusion coefficients have to be extrapolated out of

the temperature range for which they were verified.

For most of the environmental conditions conservative predictions can be however

obtained by the proposed model.

5) - CONCLUSION AND FUTURE WORK

A method for rapid computing of carbon diffusion profiles has been obtained by
3

simplifying the sophisticated model developed in ANL . The simplification basical-

ly consists in the assumption that the rate of the interstitial transfer is control-

led by a single-phase-like diffusion and incorporating into an "effective" diffusion

coefficient parameter the effects of the involved solute carbon-carbide reactions

coupled to the true carbon diffusion.



Within some specified limits, the calculated profiles were found to roughly fit the

experimental data under carburizing conditions.

Since the results obtained for the type 321 stainless steel, by introducing few mo-

difications were encouraging, we are now examining the capability of such models

to describe the behaviour of the alloy-8OO (also a Ti-stabilized austenitic alloy)

under carburizing and decarburizing sodium environments.

At the CNEN material lab the experiments are going-̂ Qn to characterize two series

of six nuances of alloy-8OO with different Ti/C ratio by both mechanical and mi-

crostructural tests to acheive TTP and TTS diagrams, while carbon transfer

experiments are conducted at present mainly by capsule test, the type 3O4 SS

foils being employed to detect the carbon activity in sodium or as a reference

material. Since crak initiation and propagation may depend on the alterations

at the surface of the alloy produced by the environment, tests under applied

stress are also programmed by using a new many-pots static sodium plants re-

cently installed at the Casaccia Nuclear Centre.

REFERENCES

1) - A.Thorley, B.Longson and T.Prescott; UKAEA-TRG Rep.l9O9 CO (1969)

2) - R.Ainsley et al . ; in:Proc.Intern. Conf.Brit.Nucl.Eng.Soc., Liquid Alka-

li Metals, Nottingham,pag. 143 (1973)

3) - R.B.Snyder, K. Nates an and T.F.Ttassner; ANL-8O15 (1973)

4) - D.E.Plumlee and T.A.Lauritzen; GEAP-4436,pag.21 (1965)
5) - TVL.Krankota and K.D. Challenger (GE); in: Proc. Intern. Conf. on Liquid

Metal Technology in Energy Production,Champion,PA, 1976,CONF-76O5O3-
P2,pag.819 %

6) - P.Baque et al. (CEA-EDF); ibidem,pag.835 ^

7 ) - A.W.'Thorley et al. (UKAEA); ibidem, pag.685 "3

8) - S.'L.Schrock et al, (WARD); ibidem, pag.8O9 -

9) - K.Natesan et al . ; Nucl.Technol. ,28,441 (1976) "

1O) - Walker et al . ; GMAD-3643-8 (1966)

I D - W.J.Anderson and G.V.Sneesbyj NAA-SR-5282 (1965)

16912) - M.F .Roche et al . ; ANL-8O17 (1973)

13) - B. Longson and Thorley A.W.; T. Appl.Chem., 20,372 (197O)

14) - K.Natesan; Met.Trans. A, 6A,1143 (1975)

15) - H.Schneider, H.U.Borgstedt and G.Frees; T.Nucl.Mat. ,56,336 (1975)

16) - F.R..Beckitt and T.Gladman; British Steel Corp.'Res.1Rept.'SSD818.5.9.72.

17)- Mazza; La Metallurgia Italiana, 6,272(1978)

18)- R.P.Agarwala e t a l . ; T.Nucl.Mat.,36,41 (197O)

1/^Cr-1Mo Normalizzato _ Esposto in sodio a 550° C

fdai dati di Natesan , Chopra , Kassner (A

0.96-

-

0.60-

0.64-

0.48-

0.32-

_

0.16-

t/ore

9 V123

V 3114

S 3-S77

X
o / *

v /

ai^\ / // J C\

_ / ^ ^ _ con Deff = 2,2 • 10 cmysec

/$ B FIG. 1: Plot of Y versus (x/^t) of the experimen-
" tal data concerning the decarburizationof

the 21/CCr-lMo ferritic steel (Normali-
zed) exposed in sodium at 55O°C for (O)
1128, (V) 31U and (D) 3877 hours (Ref.9).
The full line is the best Y erf-function to
fit the experimental points by Deff -
-2 .21O- l o cm2/ sec .

>> 0.00 0.04 0l08 0.12 0.16 oT20 0.24 0.28 0.32 0.36 0.40

. 104 (cm-sec a)
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Flg.2: Fig.3:

PI ot of Y versus (x/Vt) of the experi-
mental data concerning the carburiza-
tion of the type 316 stainless steel ex-
posed for 297 hours in flowing sodium
at 533'C (Ref.4). The specimens were
placed both up-stream (¿) and dawn-
stream (o) the carbon source in the
isothermal test section. The full line
Is the best Y erf-function to fit the ex-
perimental points by Deff -

- l .O lO- 1 1 cm 2 / sec .

Best fitting Deff values of the experimental
carburization data for. the types (•)
3l61.4,6j (o)32ll, and(X)3CXu

stainless steels versus (l/TC'K)),
The full Unes ( l ) and (2) refer to the Dcff
functions for the carburization of the types
3161Ö a n d 3Q4^ steels respectively, compared
with the correspondent functions (3) and (4) used
at WARD, while the dotted lines (5) and (6) concern
the true carbon diffusion in these steels-^» 18.
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Carbon concentration-distance profiles
calculated by the ANL method (dotted
line) and with this method (full line) for
the type 3O4 SS (Solution Annealed)
exposed in sodium containing 1.5 Ppm of
carbon and at 650"C for 5OOO hours.
The experimental points obtained by
NatesanW are also plotted here for com-
parison.

-Carbon concentration-distance profiles computed by the ANL method(dotted line) and by
the present model (Full line) for the type 316 SS exposed in carbon - saturated sodium
at 533'C for 297 hours. The experimental points obtained under near these condition*
and placed both up-stream and dawn-stream the carbon source are also reported here.

The htstograms of the carbon levels
versus penetration depth observed by

' Thoreley et al.for the type 316 (full
line) and 321 (dotted line) stainless
steels exposed in sodium under compa-
rable conductions at 65O'C for 218O
hours.Are compared with the respec-
tive calculated profiles by assuming
CNa . O.3 ppm.
The point line refers to the computa-
tion performed by the WARD'S cri-
teriao.



TECHNICAL NOTE - A NEW TECHNIQUE FOR THE
DETERMINATION OF CARBON CHEMICAL ACTIVITIES IN STEELS

P.J. JEFFCOAT, W.G. MURPHY
UKAEA,
Northern Division,
Risley, Warrington, Cheshire,
United Kingdom

INTRODUCTION

As part of the UK programme to understand carbon mass transfer effects in liquid
sodium attempts have been made to measure the chemical activity of carbon within the
various steels of interest and how activity is related to such factors as carbon
content and temperature (Ref 1). Such knowledge is essential to enable one to
predict the extent of carbon transfer which may occur either during "normal" running
of a sodium circuit or under the "fault" condition of high carbon levels in the
sodium arising from such incidents as oil leikage from mechanical pumps. In addition
these data are required for the modelling of the carburisation process in austenitic
alloys from a r.iore fundamental viewpoint rather than direct numerical predictions of
carbon transfer effects. • .„..
Towards these ends a programme of work has recently been started it RNL to investigate
how such factors as carbon content, carbide type and composition may influence carbon
activity in various fast reactor steels.

Previous attempts at RNL(Rcf 1) to measure carbon activities involved the removal of
turnings from a carburised'sample and equilibrating these with a nickel foil in a
hydrogen atmosphere. Carbon transfer from the turnings to the nickel foil is
effected by the formation of methane and the complete reaction is given by:-

C (steel) f 2H? Ni C (nickel) + 2H2

At equilibrium the carbon activities of each of the metal components within this
reaction become equal to one another. Hence an analysis of one of the components
will yield the carbon activity of all components.

The carbon content of the nickel may be determined by activation analysis ar.d so from
a knowledge of the carbon solubility OT nickel at the equilibration temperature (Ref 2)
and the assumption that Henry's Law is applicable, a value for the carbon activity of
the nickel foil and by implication'that of tha steel may be derived.

Whilst the technique outlined above has been successfully used there are several
major disadvantages with regard to our current estimates of carbon gradients:-

a) To conveniently produce turnings the carburised specimens should ideally be bar
and of a reasonable size to allow sufficient turnings to be taken off. These require-
ments may not be convenient when handling irregular shaped or small specimens and
samples for TEM analysis.

b) To produce sufficient quantities of turnings for both chemical analysis and the
equilibration technique samples are generally taken in cuts of = 50um deep. Thus
this procedure is not practical when carbur-isation depths are only shallow.

c) The technique is destructive in nature and furthermore requires several
determinations to be made throuoh the cross-section of the carburised bar to enable
one to examine the nature of any carbon activity gradient which may exist. Thus the
measurements cannot readily be reproduced in the event of errors or uncertainties in

the results. Furthermore the technique may be tine consuming and with the need for ||2
several analytical determinations per specimen also very expensive.

With these thoughts in mind a new, simple, rapid technique has been derived which
has the additional benefits of enabling a complete determination of carbon activities
throughout a carburised specimen to be made in only one analytical operation and also
of being non-destructive in nature so allowing repeat determinations if necessary.

This paper describes this new method and presents results from some preliminary
experiments.

2. EXPERIMENTAL PROCEDURE, PRELIMINARY RESULTS AND THEORETICAL BASIS OF THE TECHNIQUE

Samples are cut from the carburised steel specimen in such a manner as to reveal a
section containing the carbon gradient parallel to the cut face (Fig 1). For the
purposes of these tests samples were taken from sheet specimens (.080" thick) of Type
316 stainless steel which had been carburised in liquid sodium (a<; ̂  1) at 800°C for
19 days. After mounting and polishing to ay alumina finish the nature of the carbon
yradient is established by some, suitable means such as EPMA or nuclear microprobe.
This is shown for these particular specimens in Fig 2.

The specimen is then removed from the mount, and after careful cleaning the surface of
interest is overplayed with a layer of high purity nickel to a depth of lOpm. (The
significance of this depth is discussed later). Currently this has been achieved by
a process of ion beam bombardment though an alternative technique of vacuum deposition
is currently being assessed.

The nickel plated specimen is then sealed under vacuum into a small quartz capsule and
reheated in a furnace at the original carburisation temperature. It is postulated
that at temperature carbon will diffuse from the steel to the nickel layer in an
attempt to equalise the local carbon activities of the steel and its immediate nickel
coating. Such a process should then produce a carbon concentration profile in the
nickel layer to mirror the carbon activity profile of the underlying steel (Fig 3).

from a knowledge of the D value for carbon in nickel at the appropriate temperature
the equilibration time may be assessed. In this instance the 0 value at 800 C is
1.65 x 10"6mm2sec"^ giving an equilibration time through a 10pm nickel layer of one
minute, though in fact a time of 15 minutes was used.

Estimates of the amounts of carbon locally removed from the steel suggest that the
local carbon activity will not be significantly influenced. For example at a point
in the steel containing say 4% carbon (thus corresponding to approximately unit
activity), equilibration at 800 C should raise the carbon content of its local nickel
layer to = 1000ppm(Ref 2). Thus only = .025% of the carbon locally available in the
steel is required to transfer to the nickel for equilibrium to be achieved. This
point is in practical terms very important since it enables one to make repeat ^
determinations on the same sample with either, tne same nickel coating or after polish Q
ing it off and re-plating.

Following equilibration the specimen assembly is removed from the furnace and rapidly
air cooled to room temperature to minimise any additional carbon movement.

The specimen is now held in a specially designed mount and the carbon concentration
gradient within the nickel layer determined by scanning with the nuclear microprobe.
A typical example of a carbon concentration profile so obtained is shown in Fig 4.
It is to be noted that in determining carbon levels the,nuclear microprobe measures
protons which emanate from excited carbon atoms at a mean depth of = 3 pm from the
surface of the nickel coating. Thus the nickel m»st be of at least this thickness to
ensure that carbon in the underlying steel is not contributing to the measured proton
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count. Conversely, the nickel coating thickness should be kept to a minimum to ensure
equilibration across its complete local section and so guarantee that the nuclear
microprobe is not measuring a nickel layer deficient in carbon. With these points in
mind a nickel coating thickness of 10pm was decided upon.

By use of the solubility relationship for carbon in nickel recommended by Natecan
and Kassner(2) viz:

C t(Ni) = 12.4 exp (sat

and assuming the applicability of Henry's Law at these.low concentrations the nickel
carbon concentration profile (Fig 4) may be translated into a corresponding carbon
activity profile (Fig 5). By inference this figure similarly shows the variations
in carbon activity of the steel.

With such knowledge one may now assess what are the important features of the
carburised steel (eg composition and microstructure) in determining carbon activity.
For the purposes of these tests a comparison has been made with the carbon concentra-
tion profile of the steel and this is illustrated in Fig 6.

3. DISCUSSION AND CONCLUSIONS

The data presented in this paper was gained in, a pilot programme to assess'the
potential of the technique and several further tests are required before we can con-
fidently endorse the findings. Nevertheless, from several viewpoints these prelimin-
ary results are very encouraging and indicate the potential of the method. Firstly,
Fig 4 demuristrates clearly that carbon will indeed transfer from the carburised steel
to the nickel. Furthermore, the general smoothness and shape of the curve indicates
that the extent of local carbon transfer to the nickel is indeed governed by real
variations in carbon activity of the underlying steel rather than in some haphazard
manner. It is interesting to note that in Fig 6 a relationship is indicated between
carbon activity and its concentration in the steel. A similar observation was made
by Longson and Murphy(l) using the turnings/nickel foil technique. Their data are
included in Fig 6 from which it may be seen that whilst this method indicates some-
what higher carbon activity values, particularly in the lower carbon level range in
the steel, the agreement between the two techniques is considered ,?t this stage to be
satisfactory.

In conclusion it is considered that whilst considerable work remains to be done to
more fully evaluate this technique, we feel the method may prove to be a \ery power-
ful tool in our attempts to model the way in which carbon behaves in sodium/steel
systems.

By utilising this method in conjunction with TEM examinations such factors as the
nature, composition and stability of the various carbide phases formed in steels
may be examined. Such knowledge should enable a thermodynamic model of the
carburisation process to be built up in a manner similar to that of Thorley and
Tyzack(3) and sc ultimately underpin our existing kinetic understanding of this
phenomenon =
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OPERATING EXPERIENCE OF A SODIUM RIG
FOLLOWING THE INGRESS OF OIL

A.C. BELL, R.D. MEHEW, CM. ROBERTSON
UKAEA, Dounreay,
Thurso, Caithness, Scotland,
United Kingdom

Summary

The experience of operating the Small Water Leak Rig at
Dounreay in the two years following the ingress into the sodium
of silicone oil from the pump is reported. The carbon
penetration into the rig pipework has been monitored and has
been found to agree with a diffusion model. The predictions
based on this model has enabled an operating strategy to be
determined to allow continued operation of the rig.

1. INTRODUCTION

The Small Water Leak Rig (SWLR) at DNE is a sodium loop for
investigation of water into sodium leaks up to 50 g/s. It is
manufactured from 321 type stainless steel and consists
essentially of a Reaction Test Vessel (RTV) 20 cm diameter, 220
cm long, an expansion tank, a centrifugal sodium pump and a
dump tank (Fig 1)). Total capacity is 5 tonnes of sodium.
Sodium is circulated between the RTV and the expansion tank
resulting in a velocity of 0.23 m/s in the RTV and 0.82 m/s in
the 4" interconnecting pipework. The loop operates
isothermaiiy,;the maximum operating temperature being 580°C.

The rig was commissioned in 1974 and had been operating at a
high load factor.

2. INGRESS OF OIL

On 1 July 1977 14 litres of oil entered the Rig sodium during
an experiment with a . sodium temperature of 500°C due to a
failure of the centrifugal pump shaft mechanical seal. The
design arrangement allowed oil which may pass the mechanical
seal to be spun by a guard (flinger) attached to the shaft and
hence to drain via a gutter and pipe to a collecting tank. The
gutter was of small capacity and did not hold the contents of
the oil system before overflowing. The oil leakage was noted
due to a rise in temperature of the circulating oil. A check
was carried out to see if the oil had leaked from the upper
seal onto the surrounding floor area, however, no oil was found

and it was deduced that the oil had leaked past the lower
mechanical seal into the rig. The pump was shutdown. Since
the experimental programme required a further 12 hours for its
completion it was decided to continue the experiment until the
following day. The sodium temperature was then reduced to
350°C and the sodium was dumped to the dump tank at 06.00 on 3
July 1977. The test section was removed and examined in a
glove box. There was no sign of oil contamination or
carbonaceous deposits. A perspex cover was fitted to the
reaction test vessel and a visual examination of the test
vessel carried out. This showed no signs of oil contamination
or carbanaceous deposits either above or below the sodium, the
vessel looked generally clean but with a dark surface. The
discharge pipe from the vessel was in a similar clean
condition.

On stripping down the drain from the gutter to the catch pot
the line was found to be blocked with sodium and therefore the
oil leakage could not drain into the catch pot, overflowing the
gutter and hence into the sodium. Subsequent strip down showed
the gutter and part of the gap between the shaft and the
housing to be full of sodium.

The pump had been running for about 65? of the time during the
previous 3 years and had given little trouble.

3. SUBSEQUENT OPERATION

The test section which had just been removed (2)4-Cr steel) was
examined for evidence of carburisation but none was found.
However to estimate the level of carbon activity, it was
decided that stainless steel foils should be inserted into the
rig and the rig run for a two day period at 500°C. On removal
of the foil samples it was found that there was considerable
evidence of carburisation extending to a depth of 20 um of
heavy carburisation, with a further 20 um of lighter
carburisation and signs of carburisation throughout the foil
thickness. In subsequent discussion it was felt that these
foil results could be pessimistic and since a requirement
existed to remove a section of 4" main loop pipework to
incorporate stubs for proposed instrument modules, it was
decided to subject this pipework to metallurgical examination.
Results of this examination showed heavy carburisation to an
extent of 18-20 um from the sodium surface followed by a
further layer 20 um thick of decreasing density with a total of
150 um showing some signs of carburisation.

In the light of the results it was obvious that two main
courses of action existed.

(1) Discontinue operation of the SWLR, remove the
carburisation sources and devise a clean up method for the
loop steel work.
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(2) Continue to run the SWLR with the present sodium charge
accepting some degree of carburisation until such times as
the loop could be shutdown.

It was concluded that the effect of the carburised layer would
be similar to corrosion, the brittle layer not contributing to
steel strength. On this basis and using a simple mass transfer
model it was calculated that further operation of the loop at
500°C for 4 to 6 months with an availability of 65? would
result in a carburised layer 0.3 mm in depth. In view of the
pressing need to obtain further sodium water test data from the
rig it was decided to run the rig as outlined above, for a
period of 4 to 6 months, whilst pursuing efforts to obtain an
alternative facility or to clean up the rig sodium.

Since some doubt existed about the carburisation rate it was
decided to carry out a further test to obtain data on
carburisation. The opportunity was taken at this time to carry
out an experiment on the thermal sleeve test section. This
test lasted for 140 hours at temperatures greater than 460°c.
On this occasion the section of 4" pipe previously removed for
examination and which had seen previous carburisation was used
as a teller. Examination of this showed that the depth of
significant carburisation had increased to around 54 um.

As these results were found to be in general agreement with a
carbon transport model based on diffusion theory, it was
decided to continue operation of the rig using the section of
the original 4" pipe to provide an indication of the extent of
carburisation which would then enable a prediction to be made
of the number of days operation which would be allowed. The
effect of oarburisation of the rig would only be significant in
the sodium pipework which had a thickness of 3.25 mm (4" NB) or
2.2 mm (1" and 2" NB). The RTV and expansion tank, being 25 mm
and 12.5 mm thick respectively would take considerably longer
to carburise to a significant proportion of their thickness.
It was decided that providing the penetration of the rig
pipework of carbon did not exceed 20? of thickness, operation
could continue. This gave a large margin of safety from
fracture mechanics considerations and was well within the
corrosion tolerance allowed in the design of the rig. (80?).

The rig has continued to operate in the two years following
this incident but since the temperatures have in general been
lower than 500^0, the carburisation rate as expected has been
considerably reduced.

4. THE MONITORING PROGRAM

The section of the original main rig pipework was removed under
an inert atmosphere and the residual sodium removed using
methanol. Part of this pipe section (monitor sample) was then
bolted onto an extension of each experimental test block such

that during rig operation, the pipe section lay well beneath
the experimental zone in the lower regions of the reaction test
vessel.

Following each test, the experimental test block is bagged out
of the reaction test vessel with the monitor sample and is
placed in a glove box. The monitor sample was then unbolted
from the extension piece, removed from the glove box and the
residual sodium removed by immersion in methanol and air dried.
A small coupon is removed, some 20mm by 10mm in size, using a
hacksaw under grease free conditions, for metallurgical
examination. The monitor sample is then resecured onto the
new experimental test block using grease free tools and gloved
hands to avoid any possibility of anomalous carburisation due
to grease deposits.

The coupon is divided into three sections using a metallurgical
cutting saw to avoid localised overheating and hence
modification of the carbon penetration. One section is mounted
and polished and the microhardness profile measured from both
edges inwards until the background level is attained. This
section is then etched using 5? sulphuric acid at 3 volts for
10 to 15 seconds in order to display the typical "white etch"
layer, see Figure 2. A second section is initially heat
treated at 750°C under vacuum for 30 minutes to precipitate the
carbon. The section is then mounted, polished and
electrolytically etched using the weaker ammonium persulphate
electrolyte at 3 volts for 10 seconds in order to display the
precipitated carbides, see Figure 3. The third section is sent
to AERE Harwell for carbon profile analysis using the nuclear
microprobe technique (1),

The resultant profiles and microphotographs are then examined
to assess the depth of carbon penetration. That for the "as
received" section is based on a subjective assessment of the
width of the "white etch" layer. Similarly, the "heat treated"
section is based upon a subjective assessment of the depth of
penetration as shown by the extremities of the carbide
precipitates which decorate the grain boundaries. The depth of
penetration for the microhardness profile and also the carbon
concentration profile is arbitrarily defined by the depth at
which the measured profile reaches 105? of the mean measured
backgroun level. The choice of this 5? difference is related
to the sensitivity of the two methods, though this is not an
accurate reflection of their sensitivities.

Early experience showed that the two subjective assessment
techniques did not give reproducible results (as might be
expected) and as a consequence Table 2 presents the
penetrations as determined by the carbon concentration profile
and microhardness methods only, for a range of coupons removed
from the pipe section. Since the pipe section was reimmersed
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in sodium within the reaction test vessel, both the interior
and exterior surfaces are exposed to the carburising sodium and
hence suffer carbon penetration. In addition, as the pipe
section was removed some time after the ingress of oil into the
circuit, the interior surface has an increased exposure time
over the exterior surface.

A least mean squares analysis of the penetration data gives the
equation

Pc = + 0.62 Pn (A)

between the penetration depth measured by carbon profile, Pc

and that measured by microhardness, Pm. Equation A has a
correlation coefficient of 0.83, indicative of a moderate fit.

This relationship has been used to give confidence in the
relatively simple method of predicting the depth of carbon
penetration by microhardness measurements. However carbon
profile analysis are carried out from time to time to confirm
the microhardness predictions.

As microhardness measurements can be made quickly on site, thus
provide a rapid means of verifying the predictions of
carburisation after each test. These can then be backed up by
carbon profile measurements.

5. PREDICTIONS OF FURTHER PENETRATION

In addition to knowing what has happened to the rig, there is
an obvious need to predict the carbon penetration which, would
occur during a proposed test program, to ensure that the safety
criterion is maintained.

The calculation of carbon diffusion behaviour is based upon the
diffusion system where one surface of a two parallel surface
plane body is kept at a constant concentration Cs and the other
surface is impermeable to carbon transport. The system may be
described by the following equation (2).

x cos Ct2.n+l)ir .

. c,

where

f (x1) is the function of concentration with depth x'
1 the distance between the two surfaces such that at x = 1,
C = C The other parameters have their usual meaning.

The initial concentration profile may be taken as a constant Co

and hence the above equation may be re-evaluated to give

S. ̂  i + i ff
X cos

x (-

1) fr.x. . L)

< C . / C S -

Equation C approximates the two diffusion systems of carbon in
steel through grains and grain boundaries, to a single system.
This approximation has been made in other studies of the system
(3), where it has been found that the quantity of carbon
associated with the grain boundaries is very small compared to
that in the grains. Thus the techniques of measurement are
following the dominant grain diffusion system and hence a
single system description is a reasonable approximation.

The application of equation C is made more difficult by the
fact that the rig operates over a range of temperatures and not
at a single temperature. The diffusion coefficient may be
expressed by the Arrhenius equation

DT = Do exp (-Q/RT) (D)

Hence the ratio of the diffusion coefficient at any temperature
T to that at some set temperature T' is given by

JEbr = l ^ e x p C-
3> D ( --if)

which may be simplified to

tf)

Since it was required to predict a time scale for carbon
penetration, a standard temperature of 773°K was chosen,
representing the nominal working temperature of the rig. A
value for Q, of 40.9 kcal/gmole K was used, based on an average
value obtained by Agarwala et al, (3) to produce the resultant
equation of
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Since equation C contains the product term Dt within the
exponential, it is possible to transform the variation in the
diffusion coefficient to an apparent variation in time. Thus
equation G may be re-expressed as

7 7 3

where ty^g is the equivalent time to produce the same carbon
penetration at 773K as occurs in time t at temperature T, being
called the "500°C equivalent time".

Thus the rig operating history is given in Table 1. Using the
expression (H), this was summed into 500°c equivalent days and
Table 2 indicates the relevant times. Hence using equation C,
the value of the 500°C equivalent diffusion coefficient was
calculated by an iterative technique and the results shown in
Table 2 obtained. The mean value of 5 + 3 x 10~16 m2 s~1

compares favourably with that quoted by Agarwaia et al of 5 x
10~i" m2 s-1 for AISI Type 316 stainless steel. This computed
value of the diffusion coefficient is thus used to make
predictions on depths of penetration.

6. ANALYSIS OF RESULTS

The carbon and microhardness profiles as found on a typical
sample are shown in Figures 4 and 5. In addition, the
diffusion predicted profiles are also shown based upon the mean
diffusion coefficient of $.0 i. 2.5 x lO"1 ̂  m

2 s"1. It is
evident that the simple diffusion system used as a means of
predicting carbon penetration, will not also predict carbon
profiles or total carbon up take with any accuracy. The
microhardness profile shows little change over the first ten to
twenty microns, indicative of a saturation of the hardening
effect caused by the presence of carbon. It is also evident
that the microhardness profile is not a good indication of the
carbon profile.

The anomalous trough observed in the interior surface carbon
profile, in every sample, has been correlated with a high
nitrogen concentration in the surface region (Figure 6). This
correlation is also demonstrated in the near surface
concentrations (at a depth of 3 um) of carbon and nitrogen,
measured on the samples for both the interior and exterior
surfaces (Table 3). Electron probe microanalysis of the
interior surface samples have not shown any major variation in
the composition of the steel near the surface. It is thus
considered that the trough is due to the preferential
formulation of nitrides, thus effectively lowering the
concentration of available carbide forming elements. Hence
although the chemical activity of the carbon remains near

constant over this region, the carbon concentration varies in
this dramatic manner. It is interesting to note that the
interior surface profile beyond the trough is similar to the
exterior surface profile in the same region; this feature being
common to most of the samples.

Tables 3 and H also demonstrate that the carburising "force"
varies from run to run. The variation of the near surface
carbon concentration shows that the carburising potential of
the sodium does vary from run to run, though curiously the
variation does not always correspond with both surfaces. The
averaged carbon uptake indicates that the steel was effectively
carburising up to sample C or D but subsequently has
decarburised. The tentative conclusion from these observations
is that batch cold trapping has been effective in reducing the
carbon level. It should be noted however that the rig sodium
contains considerable quantities of oxygen and hydrogen,
resulting from repeated water injections and that these
injections may play a considerable role in removing the carbon.

This conclusion would also explain why the predicted carbon
profiles are such a poor fit with the measured profiles.
However despite loss of carbon via the surface, there still
remains sufficient carbon to provide an effective constant
inward driving force. Thus the penetration criterion can be
described by the simple diffusion model. It is noted that if
the carbon loss to the sodium is maintained, then eventually
the penetration will slow down and stop. Estimates of this can
be made using equation B, with an appropriate function
describing the carbon profile at the time of change from
carburising to decarburising conditions. The near surface
nitrogen concentration has also shown a dimunition over the
first 5 samples (see Table 3) but has remained relatively
constant thereafter. However this effect is confined to the
near surface; at beyond 10 um there appears to be no change in
the nitrogen profile. It is postulated that this drop may be
due to the removal of the nitrogen by cyanide formation; the
effect being limited to the near surface due to the much lower
diffusion constant for nitrogen in steels. This effect is
surprising and contrary to that expected of enhanced transport
of nitrogen from the cover gas into the steel. However, much
longer times are required before any conclusive evidence of
nitrogen transport will be gained.

7. PRESENT POSITION

The latest measurements from the monitor sample, taken after a
total of 64 5000c equivalent days operation show that the rate
of penetration has decreased significantly (Sample H). This is
to be expected from the flattening of the carbon profile and
consequent difficulty in the determination of the point at
which the microhardness increases significantly above the



background level. However it is likely that the rate of
penetration has also decreased as a result of the continuation
of the trend shown in table A where the total carbon uptake in
the steel is decreasing. This trend has probably been
accelerated by the type of tests carried out recently where
significant quantities of water were injected. It is expected
that microprobe analysis will confirm the pattern of carbon
uptake.

The last rig shutdown has also given the opportunity of
checking the effectiveness of the monitoring technique. A
section of pipe was removed to allow replacement of one of the
sodium valves. This pipe section had been subject to the
carburising conduction of the rig during its operation since
the oil ingress incident. The depth of penetration of its
inner surface by carbon as indicated by microhardness, is
similar to that of the monitor samples thus indicating that the
monitoring technique is representative.

The rig is scheduled for a major overhaul during the next year.
Immediately prior to this, it is planned to replace the sodium
charge. The main purpose of this is to remove oxide impurities
resulting from water injections but it is likely to remove the
source of carbon.

In subsequent operation, the carbon profile in the rig pipework
will tend to flatten even further, as the steel is decarburised
by the sodium and further penetration of carbon will be
undetectable.

It is now evident that continued operation of the rig at
temperatures below 500OC will be possible for several hundred
days before the arbitrary limit of 20$ penetration is reached.

8. CONCLUSIONS

8.1 It has been demonstrated that providing a monitoring
programme can be devised, continued operation of a sodium loop
following ingress of a carbonaceous substance is possible.

8.2 Microhardness can be used to provide a rapid check on the
carburisation depth.

8.3 The ratio of carbon penetration during the early stages of
carburisation can be predicted using a simple diffusion model.

8.4 Microhardness measurements, and the diffusion model cannot
be used to give an accurate indication of the carbon profile.
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TABLE 1

SWLR TESTS SINCE OIL INFLUX
DURING JULY 1977

2 days

2 days

8 days

6 days

2 days

28 days

25 days

3 days

16 days

1 day

29 days

48 days

2 days

@ 470°C

@ 500°C

@ 500°C

@ 450°G

@ 470°C

@ 450°C

@ 430°C

@ 430°C

@ 500°C

@ 470°C

@ 470°C

@ 470°C

@ 470°C



Table 2
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Cor rec t ions t o Table I I
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Sample

A/I?

B/I

fyE*

C/I

C/E

D/I

D/E

E/I

E/E

F/I

F/E

G/I

G/E

H/I

H/E

Penetration

C1 M2

Equiv.
Time (500#)

Days

o

•Si

33.0

30.8

33.1

30.9

37.0

34.8

63.0

60.8

Diff.(

X1(

c

4.2

3.5

3.4

5.4

3-1

-

Joefft.

) 1 6

p

M

3.9

4.1

3.7

3.8

5.7

6.2

4.1

4.2

Table 3

Near Surface Concentrations

of Carbon and Nitrogen (3 m)

Sample

A

B

C

D

E

F

G

Carbon Level Wt °L

Interior

0.74

0.55

1.48

1.62

1.75

1.33

1.22

Exterior

0.05

1.09

2.03

2.27

1.74

1.74

2.16

Nitrogen Level Wt %

Interior

1.10

1.00

0.83

0.86

0.68

0.70

0.69

Exterior

0.016

0.009

0.061

0.003

0.005

0.002

Table 4

Averaged Carbon Uptake

Over Penetration Depth

Sample

A

B

C

D

E

F

G

Averaged Carbon Uptake Wt %

Interior

0.55

0.52

0.91

0.98

0.87

0.83

0.68

Exterior

_

0.52

1.18

1.01

0.87

0.90

0.73
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COVER GAS
NITROOEN SUPPLY STEAM
~~ SUPPLY

;O>TMERCIAL IN CONFIDENCE

RESERVOIR
PRESSURiSATION

LINE

TARGET PRESSURISATION
LINES (ARGON)

F I G 1 T H E S M A L L WATER L E A K R I G
I S C A U E O F R T V M A G N I F E O I

Fig 2
Carburised sample after 5% sulphuric acid electrolytic
etch showing 'white etch1 layer



184

Fig 3

Carburised sample after 750°C heat treatment
and ammonium persulphate electrolytic etch
showing precipitated carbides

Fig_4

Carbon and Microhardness Profile of Interior Surface Sample C/I
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Fig '5

Carbon and Microhardness Profile of Exterior Surface Sample C/E

Fig 6

Nitrogen Profile of Interior Surface Sample C/I



SOME OBSERVATIONS ON THE CARBURIZATION
OF MIXED OXIDE FUEL ELEMENT
CLADDING IN THE DOUNREAY FAST REACTOR

R.G. BELLAMY, R. PARIS
AERE, Harwell, Oxon,
United Kingdom

INTRODUCTION

The possibly deleterious effects of carburisation of fuel pin
cladding by mixed oxide fuel or the reactor coolant are of concern to
fast reactor designers. In addition to the change in mechanical
properties (2.) there is evidence (2) that intergranular attack by fission
products may be catalysed by carbon diffusing along the clad grain
boundaries. The first evidence of clad carburisation during irradiation
in DFR was grain boundary enhancement during etching. Bulk analysis of
clad samples subsequently showed carbon contents increasing to as much as
0.2 wt%. More sophisticated techniques of analysis now enable the
distribution of carbon to be studied in detail.

EXPERIMENTAL

The carburisation of fuel pin cladding in DFR has been studied with
the Harwell nuclear microprobe(3). Clad samples were scanned by a focussed
beam of 1.3 MeV deuterons and the carbon content of each 5]im surface spot
calculated from the protons emitted by the 12c (d,p>13C reaction. Over
thirty clad sections from DFR oxide pins were scanned to produce carbon
content profiles through the clad wall. Table 1 summarises data from a
selection of these profiles and a set from one M316 clad pin is given in
Fig.l. The fuel and to an even greater extent the DFR coolant have
significantly carburised the cladding. The degree of penetration of the
cladding clearly increases with temperature, but the surface carbon content
does not show such a clear temperature dependence.

DISCUSSION

The maximum carbon content of 0.95% observed at the outer surface
of the cladding of one pin would have been a cause for concern in any
preliminary estimate of pin endurance, as a result of possible effects
on high temperature clad ductility and fatigue resistance. Nevertheless
no DFR pin failure or other defect has been associated with carburisation
by the coolant. The volume increase due to carburisation (0.17%Av/v per
0.1%C) may be. important in .reducing tensile stress and the tendency to
crack propagation. The carbon activities of M316 steel have been
estimated'4' to be 10~3 at 700°C, falling to 10~4 at 500°C. Activities
of 0.4 x 10~2 at 65O°C and 3.4 x 1O~2 at 4S0 c have been deduced for the

DPR NaK from pin cladding and nickel monitor measurements. At equilibrium
the surface carbon content depends on the carbon activitity difference
between the coolant and the cladding, and should fall with rising tempera-
ture. Owing to the inability of the probe to measure carbon closer to the
surface than 5j!m, its actual carbon measurement will be a combination of
the true surface equilibrium value (inversely temperature dependent) and
the rate of diffusion to the 5pm level (directly temperature dependent).
This could account for the lack of a clear temperature dependence of the
recorded surface carbon contents.

The maximum surface carbon content on the fuel side is 0.38% and the
penetration is so stn.-tl.l that the maximum total increase in carbon content
of the cladding is only 0.1%. The literature suggests(D that these carbon
contents will not reduce clad ductility unacceptably, but the effect on
fatigue propagation has not been evaluated. Again, the volume expansion
will reduce local tensile stresses. The measured carbon contents of the
fuel (typically 20-50 ppm) are not sufficient to account for the carburisa-
tion of the cladding unless axial migration of the carbon through the fuel
is assumed, pointing to a gas phase reaction.

The inner clad surface carbon contents suggests a carbon activity
in the fuel of 10~2 - 1O~ , but the clad surface layer (more substantial
than on the coolant side) could be rate controlling. Clad carbon pro-
files have been determined both opposite the fuel and in the plenum of
an oxide pin irradiated in a thermal flux reactor, where the plenum
temperature was relatively high(5). The cladding (nominally 635-67O C)
opposite the fuel was heavily carburised, but the plenum (550-600 C)
remained at the archive level. Further confirmation is desirable but
it is provisionally suggested either that gas phase carburisation is
not involved, which seems unlikely, or that fission fragment damage
destroys the carburisation resistant structure of the clad oxide layer
opposite the fuel.

There is an ideal case of Fick's second law of diffusion in a
solid where the diffusion coefficient is independent of the concentra-
tion of the solute:-

O :
O Icolo>;ro!

c - c
x o
c - c
s o

= erf c

Cp, Cs and C x
 are the concentrations of the solute initially, at the surface

of the solid (assumed constant), and at a distance x from the surface after
time t respectively. Carbon diffusion in stainless steel is not expected
to be ideal as carbides are precipitated and as the diffusion coefficient
varies with carbon and chromium contents. Not surprisingly attempts to
correlate observed carbon profiles obtained both in and out of pile with
predictions obtained using the above equation and published diffusion
coefficients(6) have been unsuccessful. Longson'7' obtained improved fits
at high coolant carbon activities using "effective" diffusion coefficients
empirically adjusted to the carbon activity, exposure time and temperature.
He also found that at coolant activities below 0.01 the steel surface



reached equilibrium very slowly, and that carbon profiles obtained in pile
could be successfully fitted by a modified law in which surface carbon
rises linearly with time (Fig.2). Nateson'^) has attempted a mechanistic
approach relating the diffusion, reaction and precipitation of carbon as
carbide to the rate equations for the internal oxidation of a reactive
metal dispersed in a noble metal matrix.

CONCLUSIONS

1. DFR fuel pin clacMing was carburised by mixed oxide fuel and to a
greater extent by the NaK coolant. The highest surface carbon levels
produced by the coolant would have been cause for concern in a pin
endurance assessment but in the event appear to have had no deleterious
effect.

2. The degree of penetration of the cladding was strongly temperature
dependent, as expected from a diffusion process.

3. The surface carbon contents did not show the inverse temperature
dependence predicted by theory, possibly because the method of deducing
surface carbon from, subsurface carbon measurements is susceptible to
kinetic effects.

4. The carbon diffusion profiles obtained under irradiation can be
fitted to a Fick's law calculation with the added assumption of a sur-
face carbon content increasing linearly with time to its equilibrium
value. This additional requirement appears to be related to the low
coolant carbon activities in pile relative to the coolant carbon
activities in out of pile experiments.
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TABLE 1 SELECTION OF RESULTS OF CLAD CARBON
CONTENTS- MBASORED OH.TEE NUCLEAR
MICROPROBE
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Pin

A1O57
A1O57
A1O57
A1O57

V1257
V1257
V1257
V1257

V1274
V1274
V1274
V1274

V1285*
V1285

V13O5
V13O5
VI305

A3 36
A336

A337
A337

Days
at

Temp

41O
41O
41O
41O

721
721
721
721

200
2OO
200
2OO

390
390

190
180
190

355
355

355
355

Temp
°C

6OO
550
5OO
450

57O
513
454
392

625
615
560
5O6

600
485

590
540
475

670
585

670
505

Carbon
Content
wt. %

Outside
Surface

O.6O
O.8O
0.5
0.47

O.95
1.0
0.42
0.58

O.31
0.54
0.26
0.40

0.73
O.87

0.18
0.58
O.35

O.6O
0.60

O.71
0.86

Inside
Surface

O.38
0.26
O.4O
O.4O

0.08
0.12
0.07
O.08

0.26
0.17
0.12
0.17

0.28
O.15

0.14
O.O9
0.10

0.08
0.21

0.12
0.14

Carbon
Penetration

pm**

Outside

190
17O
15O
12O

230
2C0
TOO
4O

21O
23O
160

240

130

ISO

Inside

42
38
O
O

38
76
40
4O

160
17O
80

10O

6O

60

*FV548 steel O.O8% Carbon 0.7% Niobium Rest 20% CW M316 0.04% Carbon

**Clad wall 380 Urn wide



0-8*

0-7

0-6 o

o 600 *C
x 550 *C
* 500 °C
o 450 °C

Clad Mid Wall

Inside
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Penetration as a Parcent of Clad Wall 10-38mml

FIG.f .CARSON PENETRATION PROFILES FOR M316 CLAO
ON OFR PIN A1057

t =33 6 days

Measured on nuclear
micro probe

o 610°C Clad mid
» 553"»C woJI
* 452°C

353°C
Calculated

10 20 30 40 50 60 70
Penetration as a percent of clad wad (038mm)

FIG.2. .CARBON PROFILES FITTED TO DFR COOLANT/CLAD
DATA USING MODIFICATION OF FICK'S LAW WITH Cs = kt
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