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ABSTRACT

Although a number of candidate mechanisms have been
proposed to participate in the IASCC phenomenon, it is not
clear at this time that all of the contributing mechanisms have
been identified. A new mechanism was proposed by Garner
and Greenwood as a potential contribution to IASCC that
involves the radiation-induced release into solution of
sulphur and other deleterious elements that are normally
concentrated into MnS precipitates. The instability arises
from the combined action of the transmutation of manganese
to iron, cascade-induced mixing and the very strong action of
the inverse Kirkendall effect. The latter mechanism acts as
a pump to export manganese from the precipitate surface and
to replace it primarily with iron, as well as smaller amounts
of chromium, nickel and other lesser elements. Evidence
previously presented by Chung and coworkers appears to
show that MnS precipitates in typical 300 series stainless
steels become progressively depleted in manganese and
enriched with iron as irradiation proceeds in boiling water
reactor neutron spectra. It is shown in this paper that
transmutation alone is insufficient to produce the observed
behavior.

I. INTRODUCTION

Transmutation is sometimes invoked as a potential direct
contributor to irradiation-assisted stress corrosion cracking
(IASCC) of stainless steels in light water reactors. Recently,
however, it has been suggested by Garner and Greenwood1

that transmutation of Mn to Fe might play an indirect role in
IASCC. It was proposed that MnS precipitates were most
likely unstable during irradiation as a consequence of the
combined action of transmutation, cascade-induced mixing
and the inverse Kirkendall effect.

One of the major roles of Mn in austenitic stainless
steels is to tie up S in MnS precipitates and thereby keep it
off of grain boundaries where it is known to exert a strong
deleterious role in weakening the boundaries. These
precipitates may also scavenge other deleterious elements
such as F and Cl. Instability of the precipitates might release
such elements into the matrix during irradiation.

II. EXPERIMENTAL DETAILS

Chung, Sanecki and Garner2 recently demonstrated that
initially near-stoichiometric MnS precipitates found in
various 300 series stainless steels (Table 1) after irradiation
in boiling water reactors (BWRs) appear to be progressively
losing Mn and gaining Fe as the irradiation proceeds, as
shown in Figures 1 and 2. Smaller enrichments in Cr and Ni
were also observed along with increases in many other minor
elements.
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Fig. 1. AES peak intensity of Mn542 from Mn sulfides in
austenitic stainless steels irradiated in BWRs as a function
of fluence.2 The largest exposure is about five years, and
the doses range from 0.8 to 5.3 dpa.

These data were produced using Auger Electron
Spectroscopy (AES) to examine the composition of MnS
precipitates found on the fracture surface. The precipitates
chosen for AES analysis were typically spherical or
ellipsoidal in nature, averaging 2-3 urn in diameter. The
beam size was kept constant at ~1 um and focused at the
center of the precipitate, insuring that most of the Auger
electrons originated from the precipitate rather than from
the matrix.
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Table 1. Chemical composition and fast fluence (E > 1 MeV) of austenitic stainless steel specimens.

Composition (wt.%)

Heat
ID No.

63

625-S

HP304-CD '

CP304-A c

CP348ad

HP348b"

Steel
T>pe

304L

316

304L

304

348

348

Cr

18.23

17.25

18.58

16.80

17.40

17.70

Ni

9.24

11.70

9.44

8.77

11.50

11.10

Mn

1.27

0.92

1.22

1.65

1.56

1.65

C

0.019

0.012

0.017

0.08"

0.074

0.041

N

0.103

0.064

0.037

0.052

0.042

0.008

Si

0.70

0.72

0.02

1.55

0.34

0.19

P

0.007

0.007

0.002

0.045b

0.007

0.002

S

0.002

0.002

0.003

0.030"

0.009

0.007

Other

-

Mo 2.39

-

-

Nb+Ta
0.81

Nb+Ta
0.76

Fluence
(1021 n cm"-)

0

0

1.4

0.7

1.5

3.5

aHigh-purity neutron absorber tubes; composition measured before service.
bRepresents maximum value in the specification; actual value not measured.
cCommercial-purity absorber tubes; composition measured after service.
dSwelling mandrel tube irradiated in 7 x 7 fuel assembly in BWR KKP-1.
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Fig. 2. AES intensities of Mn542 vs. Fe703peaks, showing that
the decrease in Mn in the sulfides is accompanied by an
increase in Fe content as fluence increases.

A potential weakness of these AES data lies in the fact
that there is no knowledge of whether the surface of the
precipitate is being examined, or whether the precipitate has
also been fractured and the internal composition is being
measured. Another weakness of the data is that in no case
are there two or more data points at different exposure
levels. In spite of these weaknesses, the data appear to
imply that there is a progressive replacement of Mn.
primarily with Fe, either at the surface or perhaps

throughout the precipitate. This in turn suggests, but does
not prove, that S and other deleterious elements are being
released. There is no way to show that any given precipitate
originally had a larger size prior to irradiation. It was also
shown by Chung and coworkers,2 however, that the sulphur
level decreased relative to the combined level of Mn and
Fe, which does suggest the release of sulphur.

III. MECHANISMS OF INSTABILITY

At first glance it is enticing to ascribe the replacement
of Mn with Fe solely to transmutation. Manganese has only
one isotope, 55Mn, with a large thermal neutron cross-
section (13.3 barns), producing S6Mn which then quickly
decays to 56Fe by emitting P-particles with maximum
energies of 2.84 (47%), 1.03 (34%) and 0.72 MeV (18%)
with a half-life of 2.58 hours.

Both BWR and PWR in-core or near-core
environments have comparable neutron spectra, although
the thermal-to-fast neutron ratios can vary from -0.1 to -0.3
in these reactors. If we assume a neutron spectrum typical
of a PWR baffle bolt3 with a thermal-to-fast neutron ratio of
0.241 (Figure 3), Mn would transmute to Fe at a rate of
-1.8% per full power year (FPY), reaching a 30% loss at
-20 FPY. Sulphur also transmutes to chlorine, but at a
neglible rate of only 16 appm per FPY. These
transmutation rates in themselves are insufficient to produce
the strong loss of Mn observed in two years or less as
shown in Figures 1 and 2.
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Fig. 3. Comparison of normalized neutron flux spectra
(thermal-to-fast flux ratio, TYF) for PWR in-core and baffle
bolt positions.

Cascade-induced mixing and disordering of atoms near
the precipitate surface may contribute to the instability of
the surface and might in itself account for the enrichment of
the surface layers in Fe, Cr and Ni. The atomic
displacement rate is ~2 dpa per FPY for the baffle bolt flux-
spectrum, but the mixing rate would be 1-2 orders of
magnitude larger and is difficult to calculate.

The possibility was also investigated that the various
recoil energies associated with the transmutation might
accentuate the mixing of atoms in the precipitate. The 55Mn
(n,y) reaction has an effective recoil energy of 395 eV, the
impact of which was incorporated into the displacement rate
calculation performed by the SPECTER code.4 This code
also calculates the impact of the recoils of the iron atoms
due to p-decay. The three betas produce maximum recoil
energies of 64, 11 and 5.9 eV. If the threshold displacement
energy is in the range of 30-40 eV typical of most metals,
then only the highest energy (2.84 MeV) beta can produce
recoils. Since even these particles are emitted over a
continuous spectrum from 2.84 MeV to zero, only a fraction
of these can produce displacments. Compared to the 55Mn
(n,y) recoil of 395 eV, the P-induced recoil is calculated to
yield a maximum increase of only 2.5%, insufficient by
itself to strongly accentuate the replacement of Mn by Fe in
the time frame of the irradiation.

Also addressed was the possibility that different
displacement thresholds for Mn and S in the precipitate
might yield a substantially enhanced displacement rate.
Such calculations are subject to large uncertainities, arising
primarily from lack of knowledge of appropriate thresholds.
Using Mn and S thresholds of (40, 40), (40, 90) and (90,
40) eV, the SPECOMP5 code yielded dpa values of 3.00,

2.15 and 2.18 for the three cases, respectively, at 1 FPY.
For comparison, the value for stainless steel is 2.95 dpa.
Once again, this mechanism appears insufficient to account
for the large levels of replacement seen in Figures 1 and 2.

By default, this would appear to leave only the inverse-
Kirkendall mechanism to provide a faster and larger
replacement mechanism (Figure 4). When considering only
Fe-Cr-Ni alloys, Cr is the fastest diffuser, Fe the next fastest
and Ni the slowest,6 leading to strong Ni enrichment and
outmigration of chromium by the inverse-Kirkendall effect.7

Manganese, however, is a much faster diffusing element
than, all of the other three elements, and is known to
migrate strongly up vacancy gradients established at
microstructural sinks during irradiation.8"10 Thus, one would
expect increases in Fe, Ni and Cr to balance the outflow of
Mn, with Fe being the largest as a consequence of its greater
concentration. If the precipitate sink has an incoherent
boundary and a discontinuity in composition, both
characteristic of MnS interfaces, then the inverse-Kirkendall
effect may be even stronger, especially if cascade-mixing is
acting to destabilize the boundary itself.
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Fig. 4. Schematic illustration of the inverse Kirkendall
effect operating on an incoherent precipitate surface.
Manganese is a fast diffuser and will flow back into the
matrix.

Another possible explanation of the data might relieve
the Inverse Kirkendall mechanism of its proposed lead role,
however. If the precipitate boundary becomes roughened
by the various radiation-induced processes on the
microscale, then the fracture might not follow the original
smoother boundary, and would therefore contain matrix
contributions.

Other research is required to explore the possible
contribution of MnS instability to IASCC and to determine
which mechanisms produce the apparent loss of manganese.



It is suggested that techniques such as EDS be used to
gather compositional data that reflect the bulk composition
of MnS sulphides following irradiation.

IV. CONCLUSIONS

There is some evidence that suggests that-a progressive
modification of MnS precipitates may occur with increasing
exposure to neutrons in BWR-irradiated austenitic stainless
steels. As the fluence increases, the Mn and S levels
decrease, while the Fe level strongly increases2 Smaller
enrichments in Ni and Cr are also observed. From these
observations one might infer that S and other deleterious
elements known to be concentrated in MnS precipitates may
be released during irradiation and may contribute in part to
IASCC.

Although Mn is known to transmute to Fe, the observed
replacement levels within 2 years or less are larger than
could be attained via transmutation alone. Unless some
type of surface roughening occurs, it appears that the
inverse Kirkendall mechanism, aided by cascade-induced
mixing and disordering at the precipitate-matrix interface,
must be invoked to explain the observed high levels of Mn
replacement.
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