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Abstract

The carbon distribution in the vicinity of grain boundaries, in solution in the matrix, and in carbides has been studied by the
atom probe at various stages of the intergranular carbide precipitation process in an austenitic nickel-base model alloy similar to
commercial Alloy 600. The grain boundary precipitation evolved from small discrete carbides after 4 h at 600°C to a
semi-continuous carbide film after 16 h, and finally to large discrete carbides after 213 h. Enrichments of carbon, boron, nitrogen
and phosphorus were found at the grain boundaries in all ageing conditions. Large variations were observed between different
grain boundaries and at different positions of an individual grain boundary in the same ageing condition. The highest carbon
concentration was accompanied by chromium enrichment, indicating the nucleation of chromium-carbides. After ageing for 213
h, the amount of carbon segregation to the boundary was very low, which suggests that the driving force for carbon segregation
is less than that for carbide precipitation. Phosphorus was only detected at the grain boundaries when the carbon concentration

was low. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The nickel-based superalloy Alloy 600 is frequently
used for steam generator tubes in pressurised water
reactors. The grain boundary chemistry is of particular
interest, since the material is sometimes susceptible to
intergranular stress corrosion cracking [1]. The cracking
behaviour, in particular in high-purity water at temper-
atures of ~ 350°C, has been difficult to explain. Several
mechanisms have been proposed that address the vari-
ous critical microstructural features, e.g. the carbon
matrix concentration and the presence of carbides and
segregated elements at the grain boundaries.

Auger electron spectroscopy (AES) investigations
have shown that boron and phosphorus segregate to
grain boundaries in Alloy 600 [2]. However, due to
experimental limitations, AES cannot be applied to
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study carbon segregation, especially when carbides are
present at the grain boundary. Segregation in these
materials has, to some extent, also been studied by
atom probe field ion microscopy (APFIM) [3].

The evolution of the intergranular carbide precipita-
tion at various temperatures has been studied by trans-
mission electron microscopy (TEM) [4]. The
precipitation starts with small discretely distributed car-
bides that develop into a semi-continuous carbide film.
After prolonged heat treatment, the carbides coarsen
and the resultant microstructure contains large, dis-
cretely distributed carbides. These three stages have
been identified for temperatures ranging from 500 to
900°C. Naturally, the process is faster at higher temper-
ature. In most cases, Cr,C; is the dominant carbide [5],
but in a few studies, Cr,;C, has been reported to be the
most frequent [6].

In this study, the segregation and precipitation occur-
ring in a model material, similar to Alloy 600, during
heat treatment at 600°C has been investigated by AP-
FIM. The changes in the amounts of carbon at the
grain boundaries and in solution in the matrix have
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Table 1
Bulk composition of the model Alloy 600 used in this investigation

C B Cr Fe Ni P Al Si Mn Mg
wt.% 0.022 <0.001 16.0 10.0 73.6 0.005 <0.003 0.052 0.08 0.05 0.031
at.% 0.10 <0.006 17.6 10.3 71.6 0.02 <0.006 0.11 0.16 0.05 0.07

been considered. In a previous study [7], the temperature
dependence of segregation and precipitation, when heat-
treated for 1 h, was investigated. It was found that after
annealing for 1 h at 600°C, the average amount of carbon
segregation corresponded to 10% of a close-packed layer
of carbon.

2. Experimental

The investigated model alloy was produced by AB
Sandvik Steel. The bulk composition is presented in
Table 1. The material was solution annealed (SA) at
950°C for 10 min and subsequently heat-treated at 600°C
for 1, 4, 16 and 213 h. The grain size of the material was
approximately 20 pum.

The atom probe experiments were performed with the
atom probes at Chalmers University and Oak Ridge
National Laboratory (ORNL), as well as the energy-
compensated optical position-sensitive atom probe
(ECOPoSAP) at ORNL. The analyses were performed
at ~ 60 K, with 20% pulse fraction. Neon was used as
the imaging gas. Pulsed electropolishing and pre-selec-
tion in the TEM was applied to fabricate specimens for
grain boundary analysis.

3. Results and discussion

TEM was used to confirm that the various heat
treatments had produced the expected grain boundary
carbide morphology. The result was in relatively good
agreement with earlier investigations [4,8], even though
the precipitation process was somewhat slower, pre-
sumably due to a lower carbon content. After heat
treatment for 1 h at 600°C, grain boundary carbides
could not be discerned. As the treatment proceeded for
4 h, small (10 nm) discrete carbides formed, Fig. 1(a). The
amount of carbide phase then continued to increase, and
after 16 h a semi-continuous carbide film was present at
the grain boundaries, Fig. 1(b). Coarsening took place
and after 213 h, large (50 nm) discretely distributed
carbides decorated the grain boundaries, Fig. 1(c).

The gradual depletion of carbon in the matrix was
followed by analysis in both the conventional and
three-dimensional atom probes. Median values of the
carbon concentration are presented in Table 2. As

expected, the concentration decreases with time, but large
variations were found between different analyses of the
same material. This indicates that the matrix was far
from homogeneous after the relatively short solution
anneal, as also found in [7].

Precipitate-free segments of grain boundaries were
investigated by APFIM in the SA material and after heat
treatment for 1, 4 and 213 h at 600°C. In the material
heat-treated for 16 h, it was not possible to find precip-
itate-free grain boundary segments. Also, the carbide film
in this material made electropolishing more difficult. In
the field ion images, the grain boundaries appeared dark,
Fig. 2(a), and therefore no information about the amount
of segregating elements present at the boundaries could
be deduced from the images. Field ion images of darkly
imaging grain boundary carbides in the material heat
treated for 4 and 213 h are presented in Fig. 2(b and c¢),
respectively. Unfortunately, the analyses of the carbides
were too limited to give the accurate composition, but
they appeared to be consistent with Cr,C; from the
measured composition.

A total of 11 grain boundaries were successfully
investigated in the conventional atom probe, with five
boundaries in the material heat treated for 1 h, and two
boundaries in each of the other materials (SA, 4 and 213
h). The boundaries could be analysed between one
and five times, by repositioning the probe aperture
relative to the boundary, thereby improving the statistics
of the measurements. Carbon, boron, nitrogen and
phosphorus were found to segregate to the grain

Fig. 1. TEM images of the material after heat treatment at 600°C for
(a) 4 h, (b) 16 h and (c) 213 h.
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Table 2
Median values of carbon matrix concentration

SA 1h 4h 16 h 213 h

at.ppm 868 +267 732+ 180 818+ 170 520+32 309 +21

boundaries. Because of the overlap between nitrogen
and silicon, it cannot be determined which of those
elements segregate from the AP analyses alone. How-
ever, the presence of intergranular carbo-nitrides after
heat treatment for 1 h at 700°C suggests that nitrogen
segregates in this material [7]. Additionally, AES has
shown that silicon does not segregate in Alloy 600 [9].

The average amount of segregation of carbon, boron,
phosphorus and nitrogen is presented in Fig. 3, in terms
of the Gibbsian interfacial excess (number of segregated
atoms nm 2 of the grain boundary), which can be
calculated directly from an AP analysis [10]. The results
indicate a significant variation of the carbon segrega-
tion with heat treatment, whereas the boron and nitro-
gen segregation appears to be relatively constant. Some
carbon was present at the grain boundaries already
after SA (0.7 nm~?). Subsequent heat treatment at
600°C initially caused an increase in the amount of
carbon (3.4 nm ~2 after 1 h), but eventually the precip-
itation of chromium-rich carbides resulted in a decrease
of segregated carbon to 1.4 nm 2 after 4 h and to 0.1
nm~?2 after 213 h. The concentration of phosphorus
was low in all analyses, but a clear increase was ob-
served after the longest time, in accordance with the
relatively slow phosphorus diffusion.
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Fig. 3. Average amount of grain boundary segregation as a function
of ageing time at 600°C, expressed in terms of the Gibbsian interfacial
excess.

The average values of Gibbsian interfacial excess
only partly reflect the evolution of the grain boundary
microstructure, since large variations were found be-
tween different grain boundaries and sometimes even at
different positions of an individual grain boundary, i.e.
only a few nanometers apart. The four sets of his-
tograms in Fig. 4 show the result of each analysis. The
variations of carbon were correlated with variations in
the local chromium concentration. In the SA material,
the chromium concentration at the boundary was close
to the bulk value, except for the second analysis of
specimen no. 1, where the high carbon value (3.4 nm ~?)
was accompanied by a local increase of the chromium
concentration to 20 at.% Cr (all concentrations are
given in at.%).

Fig. 2. Field ion images of grain boundaries. (a) Precipitate free grain boundary in the material heat-treated for 1 h at 600°C (arrowed). (b) Thin
intergranular carbide (arrowed) in the material heat-treated for 4 h at 600°C. (c) Large carbide (arrowed) in the material heat-treated for 213 h

at 600°C.
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Fig. 4. (a)—(d). Histograms showing the Gibbsian interfacial excess in
all analyses. Each bar represents one analysis of the grain boundary.
Note the different scales on the ordinate.

In the material heat-treated for 1 h, the specimens
having a large excess of carbon (specimen no. 3, 5 and
7) had relatively high chromium concentrations, 19%
Cr on average. In contrast, specimen no. 4 contained
almost no carbon and chromium was depleted to 13%
Cr. Concentration profiles obtained from the third and
fourth analyses of specimen no. 6 are presented in Fig.
5. Again, the correlation between carbon and
chromium is evident in this early stage of precipitation.
A similar pattern was observed in the material heat-
treated for 4 h. The grain boundary in specimen no. 8§,
containing approximately three carbon atoms nm 2,
had a chromium concentration of ~ 21% Cr, whereas
in specimen no. 9, almost free of carbon, chromium was
depleted to ~ 8% Cr. This seems to indicate that the
nucleation process has not been completed, even
though relatively large carbides have already formed. In
the material heat-treated for 213 h, chromium was still
slightly depleted, to ~ 11% Cr. A chromium concentra-
tion profile from the grain boundary into the matrix is
shown in Fig. 6.

Another interesting observation is that phosphorus
was only present at the grain boundary when the
carbon concentration was low. In fact, phosphorus was
detected in all ageing conditions, but only when the
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Fig. 5. Concentration profiles obtained from the same grain boundary
(specimen no. 6) in the material heat-treated for 1 h at 600°C. (a)
Simultaneous enrichment of carbon and chromium, indicating early
stage of precipitation. (b) Depletion of chromium and very low
amount of carbon.
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Fig. 6. Chromium profile obtained from across a grain boundary and
into the matrix, showing the depletion in the material heat-treated for
213 h at 600°C.

excess of carbon was below 0.3 nm 2. This effect has
previously been established in steel [11].

A grain boundary in the material heat-treated for 1 h
at 600°C was analysed in the ECOPoSAP. In the atom
map shown in Fig. 7, the boundary appears to be ~3
nm thick. However, this large thickness is most proba-
bly an artifact, caused by complex trajectory effects in
the vicinity of the grain boundary, and to a much
smaller extent by an inaccuracy in the reconstruction
algorithm due to the carbon atoms being on interstitial
sites in the crystal lattice. Such effects are expected to
be most prominent when the angle between the grain
boundary normal and the specimen axis is large. In this
specimen, the angle was ~ 70-80°. Carbon and boron
were uniformly distributed at the boundary. It is nota-
ble that phosphorus appeared to be enriched a few
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Fig. 7. Three-dimensional atom map of a grain boundary in the
material heat-treated for 1 h at 600°C, showing the distribution of
carbon, boron and phosphorus atoms.

nanometers from the boundary, likely rejected from the
boundary because of the enrichment of carbon.

All these experimental observations were obtained at
600°C, rather than the typical conditions that occur in
a steam generator. It is possible to extrapolate the
diffusion data, obtained at higher temperatures, for
carbon [12] and chromium [13] to the typical service
temperature. These extrapolations indicate that 1 h at
600°C would correspond to ~ 1 year for carbon and
~ 500 years for chromium at the service temperature of
350°C. This simple calculation suggests that an increase
in carbon segregation is possible during the lifetime of
a steam generator tube, but that chromium is too slow
for significant precipitation to take place. On the other
hand, a simultaneous rearrangement of carbon and
chromium could occur, considering fast grain boundary
diffusion.

4. Conclusions

During heat treatment of the investigated model Al-
loy 600 material at 600°C, the highest amount of car-
bon segregation to the grain boundaries occurred after
1 h, when the Gibbsian interfacial excess on average
was 3.4 nm ~ 2. Locally, the amount of carbon segrega-
tion was correlated with the grain boundary chromium
concentration, a consequence of the chromium carbide
precipitation process. After prolonged heat treatment,
the carbide precipitation resulted in a substantial de-
crease of the amount of grain boundary segregated
carbon. Phosphorus was only detected at the grain
boundaries when the excess of carbon was lower than
0.3nm ~ 2. Boron and nitrogen were also found to segre-
gate to the grain boundaries in all material conditions
and no correlation with heat treatment was observed.
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