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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
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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
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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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