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Atom probe samples have been Fe+ ion irradiated at different doses (from 0.5 to 10 dpa) and different
temperatures (between 300 and 400 �C) in order to understand the mechanism of formation, under irra-
diation, of Si-rich phases in austenitic stainless steels. Atom probe results show the presence of Si-
enriched clusters which can also be enriched in Ni and depleted in Cr. Number densities of solute clusters
can be linked to number densities of dislocation loops already observed by transmission electron micros-
copy in a previous work. This suggests that solute clusters are formed by heterogeneous precipitation on
dislocation loops. Furthermore, the evolution of the composition of solute clusters as a function of the
irradiation temperature is consistent with a radiation-induced mechanism. Results are also compared
with previous results obtained after neutron irradiation at lower dose rate (in term of dpa s�1). The com-
parison is, here again, consistent with the radiation-induced mechanism. Thus, Si-rich clusters may be
formed by radiation-induced segregation to dislocation loops. Results also show that Si is probably
dragged to sinks via the interstitial mechanism.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The internal structures of pressurized water reactors (PWR) lo-
cated close to the reactor core consist generally of baffle plates
made of solution annealed 304 stainless steel (SS) and bolts made
of cold worked 316SS. They are exposed to a high dose neutron
irradiation (up to 80 dpa after 30 years of reactor service) at tem-
peratures between 300 �C and 380 �C. This irradiation is known
to induce a reduction of ductility and an overall hardening, i.e. an
increase of the yield stress. This evolution is associated with the
accumulation of the irradiation damage, mainly Frank dislocation
loops, which act as obstacles to the motion of dislocations [1–5].
The radiation-induced hardening is held responsible for the degra-
dation of material properties and contributes to the stress corro-
sion cracking [6]. Since the evolution of the macroscopic
properties is related to the evolution of the microstructure, under-
standing the microstructure evolution under irradiation is essen-
tial to predict time-of-life of internals. Thus, since the last
15 years a large number of studies have focused on the character-
ization of these microstructures under irradiation. On the one
hand, a part of them covers the radiation-induced segregation
(RIS) at grain boundaries (GB), known to play a role in the loss of
corrosion resistance and in the irradiation assisted stress corrosion
ll rights reserved.
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cracking (IASCC) [7–14]. On the other hand, transmission electron
microscopy (TEM) observations have shown that the radiation
hardening could be caused by the formation of a high density of
Frank loops (faulted loops with a Burgers vector a0/3h1 1 1i lying
in {1 1 1} planes) and point defects clusters [15–20]. In addition,
phase transformations or solute segregation inside grains are also
mentioned. Whereas no precipitation at the PWR irradiation tem-
perature is expected, few examples of precipitation are reported
under irradiation at temperatures below 400 �C. Carbide precipita-
tion, c0 precipitation or Ni–Si enrichment at Frank loops are re-
ported in Refs. [21–26]. Quantitative experimental results on the
description of these nanostructures are rare for PWR ageing condi-
tions. Recently, an atom probe tomography (APT) characterization
of a 316SS, irradiated with neutrons in real PWR service conditions,
has shown the formation of a high number density of Ni–Si clusters
[27]. A mechanism of radiation-induced segregation on Frank loops
has been suggested by the authors.

The aim here is to reproduce and understand the nanophase
transformation by the use of model ion irradiations. APT is used
for the characterization of the solute distribution. Results are com-
pared with TEM results about Frank loop population, on the same
material irradiated in similar conditions. The complementarity of
these two experimental techniques is used to determine the for-
mation mechanism of these nanophases.

Material characteristics and experimental procedure are given
in the first part of this paper. Results are described and discussed
in the second part.
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Table 1
Bulk composition of the 316SS samples. Balance is iron. Values are given both in
atomic and weight percents.

C P Si Cr Ni Mo Mn Cu Co

wt.% 0.054 0.027 0.68 16.60 10.60 2.25 1.12 0.24 0.12
at.% 0.25 0.048 1.34 17.70 10.02 1.30 1.13 0.21 0.11

Table 2
Irradiation conditions of atom probe and TEM samples.

Dose
(dpa)

Technique Flux (1014

ions m�2 s�1)
Dose rate
(10�4 dpa s�1)

Irradiation
temperature (�C)

0.5 APT 6.2 1.15 350
1 APT 6.2 1.15 350
5 APT/TEM 15.6 2.9 350
0.36 TEM 35 6.5 350
1 TEM 15.6 2.9 350
1.25 TEM 35 6.5 350

10 APT 28.5 5.3 300
5 APT 15.6 2.9 400
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2. Experimental

The material investigated is a 300 series SS commonly used for
core internals of PWR nuclear power plant namely a cold worked
316SS used for PWR bolts. Its bulk chemical composition is given
in Table 1. It is 15% cold worked, fully austenitic, with a grain size
of about 40 lm. Solute atoms are homogeneously distributed into
austenitic grains [27]. The microstructure contains numerous dis-
locations organized in cells and deformation twins.

Rods of 10 mm long and 0.3 � 0.3 mm2 in section, and disks of
3 mm in diameter were cut in order to prepare atom probe and
TEM samples respectively. Atom probe samples (tip with an end
radius smaller than 50 nm) were obtained by electropolishing rods
at about 10 V in a solution of 98% butoxyethanol and 2% perchloric
acid. Thin foils were obtained by mechanical thinning of the disks
down to 100 lm, followed by electropolishing. Two different elec-
trolytes were used for TEM sample preparation. The first is a solu-
tion of 70% of ethanol, 20% of 2-butoxyethanol and 10% perchloric
acid and the second is a solution of 5% perchloric acid in methanol.

Already prepared APT thin needles and TEM thin foils were irra-
diated with 160 keV Fe+ ions. The depth of implantation of iron
ions with this energy is around 50 nm, that is to say the centre
of an atom probe needle or of a TEM thin foil. TEM samples were
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Fig. 1. Experimental frequency distribution of Si atoms in the 316SS samp
irradiated in the ion implantor IRMA at the Centre de Spectromét-
rie Nucléaire et de Spectrométrie de Masse (CSNSM Orsay –
France) [28] and in a similar one at the University Complutense
at Madrid [29]. Atom probe samples were irradiated in a similar
implantor located at the department ‘‘Physique et Mécanique des
Matériaux” at the P’ Institute (ex PHYMAT) at Poitiers – France.
Irradiation conditions for both kinds of samples are reported in Ta-
ble 2. The dose in displacement per atom (dpa) is estimated using
SRIM 2006 [30] and the Kinchin Pease approximation [31]. As far as
APT samples are concerned, irradiation doses are between 0.5 and
10 dpa for the lowest and the highest. Three different irradiation
temperatures, from 300 �C to 400 �C, were used. In the case of
TEM samples, doses are between 0.36 and 5 dpa and all irradia-
tions were performed at 350 �C. It should be noticed that even if
the dose rate in not exactly the same in each case, it is always in
the range 10�4 dpa s�1. There is a factor 5 between the highest
and the lowest dose rate. Such difference is not high enough to re-
sult in significant flux effect.

APT experiments were performed using a Laser Assisted Tomo-
graphic Atom Probe (LATAP – Cameca) and a Laser Assisted Wide
Angle Tomographic Atom Probe (LAWATAP – Cameca) [32,33].
Analyses were performed at 80 K, using green (k = 515 nm) femto-
second laser pulses. The equivalent pulse fraction was estimated to
be 20% for all samples. Details of TEM experiments are given in
[34].
3. Results and discussion

3.1. Ion irradiations at 350 �C

After ion irradiation at 0.5 dpa, statistical tests show that silicon
and nickel atoms are not randomly distributed. Statistical tests
show that other species, as Mo and Cr, are randomly distributed.
Experimental frequency distribution of Si atoms, depicted in
Fig. 1, compared to a random distribution, shows the presence of
Si enriched zones. These zones correspond to Si concentration fluc-
tuations through which concentration profiles are plotted (Fig. 2).
Si concentration reaches about 10 at.%. It is a local enrichment by
a factor 6. No other solute enrichment or depletion is associated
to these fluctuations. The size of theses Si enrichments is in the
range of 1–2 nm in diameter and they are present with a number
density of about (7 ± 6) � 1022 m�3.

After irradiation up to 1 dpa, Si atoms are still distributed in a
heterogeneous way and some Si enrichments are still visible. They
11 12 13 14 15 16 17 18 19 20 21
 per box of 400 atoms
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le irradiated at 0.5 dpa at 350 �C compared to a random distribution.
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Fig. 2. Concentration profiles through a Si concentration fluctuation in a 316SS sample irradiated at 0.5 dpa at 350 �C. Only Si, Ni and Cr profiles are depicted.
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Fig. 3. Concentration profiles through a Si concentration enrichment in a 316SS sample irradiated at 1 dpa at 350 �C. Only Si, Ni and Cr profiles are depicted.

50 nm

Fig. 4. 3D reconstruction of an of 316SS ion irradiated at 5 dpa at 350 �C. Only Si
atoms are represented. Si atoms, in regions where the Si concentration is higher
than 4 at.%, are emphasized.
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are present with a number density of (3 ± 2) � 1022 m�3. Concen-
tration profiles plotted through a Si enrichment are depicted in
Fig. 3. The maximum Si concentration reaches, as previously, about
10 at.%. The average Si concentration in Si enrichment is 7.2 at.%.
Combined with this enrichment of Si, an increase of Ni concentra-
tion and a decrease of Cr concentration are visible. The average Cr
concentration is 13.9 at.% while the average Ni concentration is
14.8 at.%.
The same trend is observed after ion irradiation at 5 dpa. Si clus-
ters, clearly visible in the analysed volume (Fig. 4) are enriched
with Ni and depleted with Cr. Their number density is
(1.3 ± 0.6) � 1023 m�3. Enrichment factors (ratio of the concentra-
tion in solute clusters over the matrix concentration) of solute
clusters, given in Table 3, do not change for doses higher than
1 dpa.

In this way, after ion irradiation, same trends, that is to say
enrichments in Ni and Si and a depletion in Cr, as observed in neu-
tron irradiated samples [27], are found. Obviously, as ion irradia-
tion conditions are different from PWR irradiation conditions,
size and composition of clusters are different. This point is dis-
cussed later.

TEM experiments, which results are fully described in [34],
show the presence of dislocation loops from the lowest dose. Size
and number density of dislocation loops as a function of dose are
depicted in Fig. 5. They are compared with size and number den-
sity of solute clusters observed by APT. The size of dislocation loops
increases from 5 nm at 1 dpa to 9 nm for higher doses. The size of
solute clusters increases from 1 nm at 0.5 dpa to 3 nm at 10 dpa.
Whereas a factor of 4 appears between sizes of both kinds of ob-



Table 3
Si, Ni and Cr enrichment factors of solute clusters in Fe+ irradiated and neutron irradiated 316SS.

Dose (dpa) Temperature (�C) F (Si) F (Ni) F (Cr)

Fe+ irradiation 0.5 350 6.2 ± 4.0 0.9 ± 0.6 1.0 ± 0.4
1 350 4.0 ± 2.1 1.3 ± 0.4 0.8 ± 0.3
5 350 5.4 ± 1.0 1.4 ± 0.2 0.85 ± 0.1

10 300 5.9 ± 2.2 1.1 ± 0.4 0.9 ± 0.1
5 400 7.0 ± 0.7 1.4 ± 0.1 0.75 ± 0.1

Neutron irradiation 12 360 56 ± 8 5.4 ± 0.4 0.06 ± 0.03
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Fig. 5. (a) Dislocation loop size as a function of dose compared with solute cluster size and (b) dislocation loop density as a function of dose compared with solute cluster
density.
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jects, both densities are in the same order of magnitude, about
1022–1023 m�3. This correlation suggests a link between disloca-
tion loops and solute clusters. Thus, solute clusters could be
formed by heterogeneous precipitation on dislocation loops.

This hypothesis is supported by experimental observations in
neutron irradiated austenitic stainless steels. Edwards et al. [35]
show, in a 316SS irradiated at 25 dpa at 320 �C, the presence of
an undefined fine scale precipitation with an average size of
5.7 nm and a number density of 1022 m�3. The authors suggest a
possible association of theses precipitates with dislocation loops.
In addition, Kenik and Hojou [25] have observed in a nickel-stabi-
lized austenite (USPCA), neutron irradiated up to 15 dpa at 520 �C,
that large loops above 40 nm exhibited a significant Ni and Si
enrichment up to 50 and 5 at.% respectively.

Considering the fact that the formation of Si clusters is due to a
heterogeneous precipitation on dislocation loops, this mechanism
can be accelerated or induced by irradiation. In order to gain in-
sight, results obtained at 300 �C and 400 �C are considered.

3.2. Irradiations at 300 and 400 �C

At 300 �C, samples have been irradiated up to 10 dpa. Atom
probe analyses still reveal the presence of Si clusters. They are only
enriched in Si. Ni and Cr concentrations do not vary as it can be
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Fig. 6. Evolution of enrichment factors of Cr, Ni and Si of Si clusters as a function of the irradiation temperature.

A. Etienne et al. / Journal of Nuclear Materials 406 (2010) 251–256 255
seen in Table 3. Thus, these clusters are similar with those ob-
served at 350 �C at the lowest dose.

In samples irradiated at 5 dpa at 400 �C, Si clusters exhibit
enrichment in Ni and depletion in Cr. Enrichment factors, reported
in Table 3, are slightly higher than those found after irradiation at
350 �C.

Evolution of enrichment factors of Si clusters as a function of
the irradiation temperature is depicted in Fig. 6. As results at
350 �C show that cluster enrichment factors are stable for doses
higher than 1 dpa, enrichment factors plotted on Fig. 6 are sup-
posed to be saturation enrichment factors. Ni and Si enrichments
and Cr depletion increase as the irradiation temperature increases.
This trend is the same as what was observed in radiation-induced
segregation at grain boundaries studies. Indeed, the intensity of
radiation-induced segregation depends, at a given dose rate, on
the irradiation temperature. As described by Allen et al. [36], at
these relatively low temperatures, intensity of RIS increases as
the temperature increases. This observation suggests that the
mechanism of formation of Si clusters is induced by irradiation.

Thus, considering all the observations on TEM and APT samples
irradiated with ions, the mechanism of formation of Si and Ni en-
riched clusters is likely radiation-induced segregation on disloca-
tion loops. This conclusion is also supported by the fact that
clusters are first enriched in Si. Cr depletion and Ni enrichment oc-
cur later. As mentioned by several studies [9,16], Si can be dragged
to sinks, such as dislocation loops, via an interstitial mechanism,
which is faster than the vacancy mechanism. Thus if Cr and Ni seg-
regate by a vacancy mechanism, they reach or leave dislocation
loops later. It should be noted that studies on RIS at grain bound-
aries do not show an early and unique Si segregation. However,
this can be explained in two different ways. There are only few re-
sults dealing with quantitative Cr, Ni and Si RIS at grain boundaries
at very low doses (0.5 dpa or less). In this study, the segregation of
Si alone has been observed at 0.5 dpa. Results found in the litera-
ture are usually for doses higher than 0.5 dpa. Secondly, it is well
know that, due to long-range elastic interactions, dislocations are
a stronger sink for self interstitial atoms than for vacancies, which
is not the case at grain boundaries. Considering that Si atoms seg-
regate by the interstitial mechanism can explain that the early Si
segregation is more pronounced at dislocation loops, and thus
more easily observable than at grain boundaries.
This radiation-induced mechanism can also explain the differ-
ences between ion and neutron irradiations. As it was reported pre-
viously, the clusters observed after neutron irradiation [27] differ
from the ones shown in this work. In neutron irradiated samples
(�10�8 dpa s�1 at 360 �C), enrichment factors of Si and Ni reach
respectively 56 and 5.4 which is ten times and five times higher
than observed after ion irradiation (�10�4 dpa s�1 at 350 �C). In
parallel, the enrichment factor of Cr is 0.06 which is more than
ten times lower than in ion irradiated samples. It must be men-
tioned that the doses are not the same in both cases, 10 dpa and
5 dpa, for neutron and ion irradiations, respectively. However, as al-
ready mentioned, cluster composition is stationary between 1 and
5 dpa in the case of ions. So enrichment factors can be compared.
It is well-known that at a given temperature, the RIS intensity de-
pends on dose rate: for intermediate temperatures, lower the dose
rate, higher the intensity of RIS [36,37]. Since dose rate is 104 times
smaller in the case of neutron irradiation, a higher RIS intensity is
expected, which correspond to experimental observations.
4. Conclusion

TEM and APT specimens of 316SS were irradiated with Fe+ ions
at various doses and temperatures in order to understand the
mechanism of formation of Si-rich phase.

TEM and APT show respectively, the formation of Frank loops
and solute clusters enriched in Si and, in some cases also enriched
in Ni and depleted in Cr.

The irradiation kinetics, between 0.5 and 5 dpa, at 350 �C
shows:

– A correlation between number densities of dislocation loops
and solute clusters. This result suggests that the formation of
solute clusters is heterogeneous on dislocation loops.

– Solute clusters are first enriched in Si. This observation supports
the fact that Si atoms are dragged to sinks by an interstitial
mechanism.

– The composition of solute clusters is stable for doses higher
than 1 dpa.
Results obtained at 300 and 400 �C show that enrichment fac-
tors of solute clusters depend on the irradiation temperature. The
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higher the irradiation temperature is, the higher the enrichment
factors are. This trend is consistent with a radiation-induced
mechanism.

Thus, solute clusters, observed in APT, are likely formed by radi-
ation-induced segregation on Frank loops. This mechanism can
also explain the difference in cluster composition measured after
ion or neutron irradiation.
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