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ABSTRACT

This investigation was performed to determine the
effects of room temperature neutron irradiation on the dis-
tribution of carbon in a nickel--0.3 wt. % carbon alloy.
The experiment consisted of comparing the amount of carbon
in solid solution and the internal stresses of both unir-

13 fn—cm—2 < @F < 1018 fn—cm_z)

radiated and irradiated (10
samples following isochronal anneals between 100°C and
1200°C by using the magnetic disaccommodation technique.
Thé results indicate that the amount of carbon remaining in
solid solution decreases with increasing neutron dose. At
temperatures below 200°C this is due to the trapping of
carbon by mobile irradiation-produced defects. Between
200°C and 600°C the formation of metastable carbides is
enhanced by the presence of irradiation-produced defects.

No differences are observed in irradiated and unirradiated

samples above 600°C.
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I. INTRODUCTION

It has been shown that neutron irradiation greatly
accelerates the rate of decomposition of supersaturated Fe-

C alloys.l—'7

This decay of the solid solution was due to
both the trapping of carbon at irradiation-produced defects
2=17 and enhanced precipitation due to the nucleation of

carbides at defect clusters.l’2

This paper reports on a survey type study of irradiation
enhanced decomposition in a nickel-0.3 wt. % carbon alloy.
The objective of this investigation was to see if this
interstitial solid solution is also affected by neutron ir-
radiation and, if so, to characterize the type of inter-

action responsible for the change.

The nickel-carbon alloy was utilized because its crystal
structure is the same as that of austenitic stainless steels
which are commonly used in structural components of nuclear
reactors. Nickel is also ferromagnetic so that the magnetic
disaccommodation technique could be used to obtailn information

about the internal stresses and the amount of carbon in solid

solution.



IT. EXPERIMENTAL PROCEDURE

A, INTRODUCTION

This investigation consisted of a series of isochronal
anneals between 100°C and 1200°C performed on three samples:
an unirradiated sample used as a reference and two samples

13 fn---cmm2 and 2 x lOl7

exposed to fast fluences of 5 x 10
fn-—cm_2 at 40°C. After each thirty minute anneal the
amount of carbon in solid solution and the formation of

defect clusters or precipitates were checked by using the

magnetic disaccommodation technique.

B. MAGNETIC DISACCOMMODATION TECHNIQUE

Magnetic disaccommodation is a useful technique for
studying changes in solid solutions since it yields infor-
mation about both the amount of alloying element in solid
solution and its distribution. The value of the magnetic
permeability immédiately following demagnetization, Mg is
sensitive to the formation of small precipitates or defect
clusters if the stress field caused by them is of the same
order as the magnetostrictive stresses.8 Furthermore, the
amplitude of the magnetic disaccommodation, Au, is propor-
tional to the concentration of the defect causing it.

Since the reorientation of dicarbons is believed to be
responsible for the disaccommodation in dilute nickel-carbon
alloyslO Au, is proportional to the square of the amount of
carbon in solid solution. Applications of this technique

to related problems are discussed elsewhere.lom13



Thus, by measuring both Au and Mo after each isochronal
anneal, it is possible to detect the redistribution of carbon
in nickel and characterize the stresses associated with the
change. These measurements were made in an oil bath at
105°C + 3°C since this was the temperature which gave the
optimum disaccommodation amplitude during the first ten

minutes after demagnetization.lo

C. ELECTRON MICROSOCPY

In order to further characterize the effects of neutron
irradiation on this alloy, transmission electron microscopy
studies were made on thin foils which had received the same
treatment as the magnetic disaccommodation samples. Although
the magnetic disaccommodation experiment indicated the for-
mation of both defect clusters and precipitates neither
was observed in the thin foils by using a 100 KV electron
microscope. This was probably due to the relatively low
neutron dose and the low stresses caused by the nickel-carbon

precipitates. (Also see Discussion and Appendix.)

D. SAMPLE PREPARATION

The samples were prepared from commercially available
nickel wire (lmm diameter) which contained about 20 ppm
substitutional impurities; mainly silver and iron. Reactor
grade graphite powder was used for the carburization. Each

sample consisted of three, five cm long, wires.



The wires were initially recrystallized for 24 hours
at 1200°C and in 20 microns of air. They were subsequently
carburized by packing in graphite (500 microns of air) and
quenching in ice water after 20 minutes at 1200°C. All
samples contained about 0.3 wt. % carbon.* The values of
the initial permeability and the disaccommodation amplitude
indicated nearly equal carbon contents and distributions in

all samples.

One of the samples (S-2) was irradiated for three hours
at about 40°C in the University of Missouri-Rolla Reactor
(¢f = 5 x lO9 fn—cm-z—sec*l**). A second sample (S-3) was
irradiated for 100 hours at 40°C in the University of
Missouri Research Reactor Facility (¢f = 5 x lOll fn—cm_z—

sec—l**).

E. ANNEALING CONDITIONS

Samples S-1 (unirradiated standard) and S-2 (@F = 5 x
lO13 fn—cm—z) were annealed in 25°C steps in either an oil
or salt bath at temperatures between 50°C and 500°C. In
this range the temperature was controlled within + 1°C.

At higher temperatures (500°C-1200°C) a wire wound electric

tube furnace and 50°C steps were used. The temperature

control for this furnace was better than + 3%. The samples

* For details see Appendix.

** Approximate fast neutron flux (E>1 MeV) at irradiation
position.



were sealed in fused quartz with about 20 microns of air for

all anneals above 400°C.

Because of the high radiocactivity of sample S-3 (@F =
2 X lOl7 fn—cm_z) it was annealed in the electric tube
furnace with a pressure of about 500 microns of air for alil
temperatures above 225°C. Fifty degree steps were used
between 100°C and 600°C and 100°C steps for higher tempera-

tures. Some oxidation of the sample was apparent after

annealing above 1000°C.



ITI. EXPERIMENTAL RESULTS

Neutron irradiation at room temperature and sgbsequent
annealing have a marked effect on the distribution of carbon
in nickel as shown by the changes of initial permeability
and disaccommodation amplitude as a function of annealing
temperature in Figs. 1 and 2. The observed effects may be
divided into two groups. The first group consists of
guantitative phenomena associated with the normal decom-—
position of the supersaturated solid solution and the second
group is associated with the irradiation induced decomposition

that is not seen in the unirradiated case.

The principle features of the variations in ué and
Au', except those between 100°C and 200°C, are common to all
samples and, thus, reflect the formation and dissolution of
metastable precipitates. These decomposition processes are
quantitatively altered by the presence of the irradiation-
produced defects. The apparent disappearance of up to 40%
( <C>2 « Ap' = 0.4; = <C> = 0.6) of the carbon solute below
200°C, however, is a gualitatively new phenomenon. No

differences are observed in irradiated and unirradiated

samples above 600°C.



Iv. DISCUSSION

In order to discuss the changes in the Ni-C solid
solution it is necessary to know what types of defects are
produced by neutron irradiation and how these defects will
interact with the interstitial solutes. Since carbon has
a low absorption cross section (3.4 mb) the defects formed
in the alloy should be basically the same as found in pure
nickel irradiated under similar conditions.l4 This was also
indicated by the nearly identical drop of ué that was ob-
served during the irradiation of both carbon-free and carbon-
doped samples early in this study. A survey of recent

15-21 reveals that both vacancy and self-inter-

literature
stitial defects will be formed in nickel during room temper-
ature irradiation. Point defects are produced during ir-
radiation and defect clusters may be formed either during
irradiation or upon annealing at temperatures where the
respective point defects are mobile. There will be an at-
tractive interaction between the carbon interstitials and
irradiation-produced defectszz’23 which may lead to an

enhanced decomposition of the solid solution if either the

solute or the defects are mobile.

The irradiation-produced quantitative changes in the
decomposition of the supersaturated Ni-C alloys at temperatures
above 200°C are ultimately the result of solute-defect inter-
actions, which probably result in the enhanced nucleation

of carbides, as seen in iron alloys irradiated under similar



conditions.l’z’24

The present data, however, is insufficient
to warrant a detailed discussion of this effect. The dif-
ficulties that were encountered in trying to find the cause
of these changes were compounded by the apparent similarity
of the carbides formed, as indicated by the relatively con-
stant values of ué in the temperature range of 100°C to
450°C. Only the formation of the precipitate at around
550°C is accompanied by a stress field which is large enough
to be reflected in the initial permeability data. Ni-C
alloys are, therefore, different from Fe-C alloys where the
formation of carbides and carbon-defect trapping cause

significant changes of uo.7

It may be concluded that the
strain energy of the Ni-C alloy is relatively independent of
the solute distribution between 100°C and 500°C. This is
most likely the main reason for the disagreement on carbide

formation in nickel (see Appendix), as well as the failure

of the electron microscopy studies mentioned above.

Since both carbon-doped and carbon-free nickel samples
showed the same decrease in ué upon irradiation, neither
this drop nor the accompaning drop in Au' can be related to
the formation of nickel carbides. These changes must,
instead, be associated with the trapping of carbon at
irradiation-produced defects. This trapping cannot occur by
the migration of carbon atoms to stationary defects since
long range carbon diffusion will not be possible at either

the irradiation temperature or the magnetic permeability



measuring temperature.25 It is more likely that the trap-

ping takes place between stationary carbon atoms and
mobile point defects or small defect clusters. The carbon
interstitials would then act as preferential sinks for the
migrating defects. Self-interstitials and divacancies are
two mobilelo—lz defects that may be present in sufficient
numbers22 to account for the amount of trapping observed.
The increase in Ay between 100°C and 200°C indicates the

dissociation of the carbon-—-defect traps.
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V. CONCLUSIONS

3 7

Room temperature neutron doses of lOl fn—cm_2 and lOl
fn-—cm—2 affect the nickel-carbon solid solution in two ways.
During irradiation up to 40% of the carbon may be removed
from solid solution due to the trapping of carbon by mobile
defects; possibly self-interstitials or divacancies. These
carbon-defect traps are unstable above 150°C as carbon is
returned to solid solution upon annealing between 150°C and
200°C. Above 200°C there is a series of metastable carbides
formed in all samples. The formation of these precipitates
appears to be enhanced by the presence of the irradiation-
produced defects, which may act as additional nucleation
sites. The form and type of the defects responsible for
this effect is unknown, but they appear to anneal at about

600°C since both irradiated and unirradiated samples have

the same values of Mo and Ap above that temperature.
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APPENDIX: THE SOLUBILITY OF CARBON IN NICKEL

There is some uncertainity about the solubility of
carbon in nickel. The values reported for the solubility
of carbon, in weight percent, in nickel at 1200°C are:

26 . .
0.3, 0.35,27 and 0.52.28 There is also little agreement

on the formation of nickel carbides.26 The purpose of this
Appendix is to indicate some of the reasons for these

differences.

Figure 3 shows the increase of carbon content, as
determined by the increase in sample weight, in the course
of a carburizing treatment at 1200°C. The sample consisted
of 99.999% pure nickel and was prepared for carburization
by packing in reactor grade graphite powder and sealing in

fused guartz under 1000 microns of air.

Figure 4 gives the values of the magnetic disaccom-
modation amplitude, Au', and the initial magnetic permea-
bility, ué, as a function of carburization time. Since Au'
is proportional to the square of the carbon concentration
in solid solution,lo the large drop in Au' after annealing
for longer than twenty minutes indicates the formation of
a precipitate. This 1is also verified by the simultaneous
decrease in ué, which is sensitive to the small stress
fields associated with precipitates.8 However, transmission
electron microscopy studies revealed no observable pre-

cipitate in similar samples, indicating that the precipitates
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must be very small and/or cause a low stress field.

These results show that, although the carbon content
of the sample increases with increasing carburization time,
the amount of carbon that actually goes into solid solution
reaches a maximum after a relatively short time. Thus, in
the case of Ni-C, excessive carburization times may actually

decrease the amount of carbon in solid solution.

Our results indicate that the maximum solubility of
carbon in nickel at 1200°C is about 0.3 wt. %. This value

agrees with those given by Hansen.26

The importance of this observation is that the true
solid solubility of carbon in nickel cannot be determined
by methods (e.g. combustion or weighing) that do not dif-
ferentiate between carbon that is in solid solution or
present as a precipitate. 1In order to obtain the actual
amount of carbon in solid solution the method used must
give this wvalue explicitly. Magnetic disaccommodation and

internal friction are two methods that can meet this reguire-

ment.
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FIGURE CAPTIONS

Normalized initial permeability, u!, as a function

of annealing temperature. ué = g (T)/uo (105°C) .
Normalized disaccommodation amplitude, Au', as a
function of annealing temperature. Au' = Ap(T)/
Ap (105°C).

Carbon content of nickel as a function of
carburization time.

Normalized initial permeability, us, and normalized
disaccommodation amplitude, Aup', as a function of
carburization time.
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