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Abstract

Disruption of phase stability by energetic particle bombardment is a major challenge in designing advanced
radiation-tolerant alloys and ion beam processing of nanocomposites. Particularly, ballistic dissolution sus-
ceptibility of different solute nanocluster species in alloys is poorly understood. Here, low dose rate neutron
irradiations were conducted on a Fe-Cr-Ni based austenitic steel in the BOR-60 reactor (9.4× 10−7 dpa/s,
318 °C) followed by accelerated dose rate ion irradiations at multiple temperatures (∼ 10−3 dpa/s, 380 –
420 °C). Using atom probe tomography, the stability of radiation-enhanced Cu-rich and radiation-induced
Ni-Si-Mn-rich nanoclusters was evaluated. During neutron irradiation, Cu-rich clusters nucleated with their
core concentrations progressively increasing with dose, while Ni-Si-Mn-rich clusters formed and evolved into
G-phase precipitates. Ion irradiations dramatically altered the nanoclusters. Cu-rich clusters were ballis-
tically dissolved, but Ni-Si-Mn-rich clusters remained stable and coarsened with dose at 400 and 420 °C,
highlighting that different nanocluster species in a single microstructure can have innately distinct ballistic
dissolution susceptibilities. Solute-specific recoil rates were incorporated into the Heinig precipitate stability
model, which shows that in addition to radiation-enhanced diffusion, recovery from ballistic dissolution de-
pends on solute concentration gradient near cluster interfaces. The combined experimental-modeling study
quantified the critical temperatures and damage rates where ballistic dissolution dominates for each cluster
species.
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1. Introduction

Energetic particle bombardment creates an envi-
ronment for nanoprecipitates, nanodispersoids, and
solute nanoclusters that can be profoundly different
from thermal equilibrium. A challenging goal in5

materials design, therefore, is to include secondary
phases that are stable both under irradiation and
at thermal equilibrium. In nuclear materials, sec-
ondary phase particles play a vital role in mitigating
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radiation damage and shaping irradiated mechan-10

ical properties. Nanoprecipitates and nanodisper-
soids act as defect sinks, where vacancies and in-
terstitials generated during irradiation undergo en-
hanced mutual recombination [1, 2]. As a result,
radiation damage phenomenon such as irradiation15

hardening/embrittlement [3, 4] and cavity swelling
[5, 6] can be mitigated in high sink strength mate-
rials while simultaneously improving thermal and
irradiation creep properties [7] and management
of harmful gaseous transmutation products [8, 5].20

Outside nuclear materials, controlled nanoprecipi-
tation is important for synthesizing nanocompos-
ites by ion beam processing. Stable nanoparticles
can produce unique optical, magnetic, or electronic
properties that are of immense commercial inter-25

est [9]. Despite the importance of nanoprecipitates,
nanodispersoids, and solute nanoclusters, many of
the fundamental mechanisms governing the evolu-
tion of these phases under energetic particle bom-
bardment at different dose rates are poorly under-30

stood.
Phases absent during thermal conditions may

precipitate either because of kinetics accelerated by
radiation enhanced diffusion (RED) [10, 11, 12] or
due to fluctuations in solute concentration driven35

by radiation induced segregation (RIS) or point
defect-solute flux couplings [13, 14, 15, 16, 17, 18].
On the other hand, enhanced coarsening [19], in-
verse Ostwald coarsening [20], chemistry modifi-
cations due to RIS [21], amorphization of non-40

metallic phases [22, 23], disordering of ordered
phases [24], reductions in size and number density
[25], and complete dissolution [14, 19] can occur
for phases normally stable under thermal condi-
tions. Hence, precipitate evolution under irradia-45

tion is complex, and advanced phase-field models
are typically needed to capture the numerous pro-
cesses entailed [26].
As a simplification, phase stability under irradi-

ation is often distilled into a competition between50

ballistic dissolution under cascade damage condi-
tions and solute RED [17, 27, 28]. Ballistic dissolu-
tion results in the ejection of atoms from the precip-
itate into the surrounding matrix, while solute RED
supports re-precipitation or the recovery of solute55

atoms to the precipitate. When the effects of ballis-
tic dissolution and RED are balanced, precipitate
size can approach an equilibrium [17, 29]. For ex-
ample, Krasnochtchekov et al. showed that the size
of Co precipitates in Cu1–xCox thin films (x = 10 or60

15) neared a temperature dependent steady-state

for 1.8 MeV Kr+ irradiations conducted between
room temperature and 330 °C [30]. In addition, for
the ion irradiations conducted at cryogenic temper-
ature (−173 °C), Krasnochtchekov et al. observed65

minimal to no Co precipitation. This is consistent
with the fact that precipitates are especially prone
to ballistic dissolution at low irradiation temper-
atures, where thermally activated RED is limited
[17]. Increasing the dose rate in high flux charged70

particle irradiation also promotes dissolution, since
ballistic jump frequency scales proportionally with
damage rate [31]. Given that ion irradiations can
have damage rates 102 – 106 times greater than
in reactor, precipitate evolution during ion irradia-75

tions can be dramatically different from that during
neutron irradiations. A classic example is radiation
enhanced precipitation of Cr-rich α′ in Fe–Cr alloys,
which forms during neutron irradiation, but was
not observed until recently under ion irradiations80

at similar temperatures due to enhanced ballistic ef-
fects under ion irradiations [32, 33, 34]. While con-
sidering only ballistic dissolution and solute RED
is usually a reasonable simplification to predict the
general behavior of precipitate microstructures, it85

is important to note that it may not sufficiently de-
scribe the complex precipitate evolution under ir-
radiation observed in some material systems.
Austenitic stainless steels (SS), which are com-

monly used for light water reactor (LWR) core in-90

ternals, are well-studied reference materials that
have a wide array of precipitate phases that occur
under irradiation including carbides (M6C, M23C6),
phosphides (M2P), silicides (G-phase, γ′, η), and
intermetallics (Laves, σ) [35, 36, 37, 38]. The sta-95

bility of silicide precipitates is of particular interest,
since it has been suggested that silicon in solution
can influence cavity swelling. Specifically, Garner
et al. proposed that matrix silicon increases the
mobility of vacancies leading to lower vacancy su-100

persaturation, a reduction in cavity nucleation, and
the suppression of cavity swelling [39, 40, 41, 42].
The most common silicide phases observed in irra-
diated austenitic stainless steels are γ′ and G-phase.
The γ′ phase has a face-centered cubic (fcc) L12105

structure and occurs in austenitic stainless steels as
Ni3Si. By contrast, G-phase has a fcc A1 structure
with a chemistry of M6Ni16Si7 (M = Ti, Nb, Mn,
Fe and/or Cr).
Radiation induced precipitation (RIP) of γ′ and110

G-phase in austenitic steels frequently develops due
to the local enrichment of nickel and silicon driven
by RIS [35]. Thus, heterogeneous nucleation of γ′
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along dislocations and G-phase associated with cav-
ities is commonly reported [36, 43, 44, 45, 46]. The115

solute-point defect flux couplings responsible for
RIS may also produce solute concentration fluctu-
ations in the matrix [18]. When large enough, such
fluctuations can cause homogeneous nucleation of
γ′ and G-phase. It should be noted that this ho-120

mogeneous nucleation happens without the aid of
point defect sinks (dislocations, cavities, and other
microstructural features). While it was originally
thought that precipitation of γ′ and G-phase in
austenitic stainless steels occurs only during high-125

temperature neutron irradiations at 400 – 650 °C, it
has since been shown that both phases may precip-
itate at LWR-relevant temperatures (270 – 370 °C)
[43, 47, 48]. The formation of γ′ and G-phase are
often considered competitive processes, as both pre-130

cipitates are Ni-Si-rich. Despite this, both phases
may be simultaneously present. For instance, both
γ′ and G-phase were observed in a 316 stainless
steel irradiated in the Phénix fast reactor to 39 dpa
at ∼ 390 °C [49]. Which phase dominates depends135

on a combination of material chemistry, thermo-
mechanical treatment, and irradiation conditions
[50]. For example, modelling by Shim et al. demon-
strated that a high dislocation density can provide a
fast diffusion path for solute atoms in Ti-stabilized140

316 stainless steel, which promotes the formation of
γ′ over G-phase [51]. By contrast, Pechenkin and
Epov have suggested that if sink densities are too
high, the amount of Si near sinks can fall below
that required for γ′ precipitation, and consequen-145

tially G-phase may preferentially form [52].
Under accelerated damage rate irradiation, both

γ′ and G-phase can potentially be unstable. For
instance, in 304L SS self-ion irradiated at 380 °C
and ≈ 10−3 dpa/s, G-phase was not observed af-150

ter 46 dpa [53]. By contrast, G-phase was present
in the same alloy irradiated at 320 °C and ≈
5× 10−7 dpa/s to 46 dpa with neutrons [53]. Like-
wise, in austenitic Ni-based alloys X750, 718, and
725, pre-existing γ′ was dissolved or disordered af-155

ter dual ion irradiation at 400 °C to 150 dpa [54].
In addition to well-known precipitate phases, re-

cent experiments have revealed that Cu-rich solute
nanoclusters may also form in irradiated austenitic
stainless steels [55, 56, 53, 57]. For example, Jiao160

and Was observed clusters containing ∼ 6 at.%
Cu in a commercial purity 304SS irradiated with
protons to 5 dpa at 360 °C [55]. While they sug-
gested that Cu-rich clusters were associated with
Ni-Si-rich clusters, Chen et al. found no associ-165

ation between Cu- and Ni-Si-rich clusters in sub-
sequent work using the same material irradiated
with protons to 10 dpa at 360 °C [56]. Unfortu-
nately, literature on Cu-rich clusters in irradiated
austenitic stainless steels is extremely limited. Fur-170

ther, the influence of Cu-rich clusters on the irra-
diated properties of austenitic stainless steels has
yet to be investigated. However, studies of ther-
mally aged 304H and 316L suggest that coherent
fcc precipitates composed purely of Cu can form175

at high temperatures (> 650 °C) and cause harden-
ing [58, 59]. It is unclear whether Cu-rich clusters
formed under irradiation have the same structure
and chemistry as Cu precipitates formed thermally.
There is significantly more literature on the irradia-180

tion enhanced formation of Cu-rich clusters in neu-
tron irradiated ferritic body-centered cubic (bcc)
alloys [60, 61, 62, 63], where such clusters generally
form with a coherent bcc structure at small sizes,
and the cluster cores are commonly surrounded by185

Mn-Ni-Si shells [64, 61, 65, 66].
The objective of this study is (i) to under-

stand the effect of low and high dose rate parti-
cle bombardment on solute nanoclustering behav-
ior in 304L SS and (ii) to determine which factors190

affect the ballistic dissolution susceptibility of dif-
ferent solute nanocluster species. Specifically, by
performing neutron irradiations in a materials test
reactor and subsequent accelerated damage rate ion
irradiations on 304L SS, this study focuses on the195

combined effect of ballistic dissolution and RED on
the irradiation stability of Cu- and Ni-Si-Mn-rich
clusters. The evolution of each solute nanocluster
species is presented, and then experimental results
are interpreted using the Heinig precipitate stabil-200

ity model [67].

2. Experimental details

2.1. Materials

The material examined was a solution annealed
304L stainless steel that was initially fabricated for205

a boiling water reactor core shroud (identified as
Heat AS in Ref. [68]). Its chemical composition is
provided in Table 1.
Edwards et al. previously characterized the non-

irradiated microstructure of this material by trans-210

mission electron microscopy (TEM) with a JEOL
2010F field emission gun (FEG) [69]. As this mate-
rial is solution annealed, it contains a low initial dis-
location density. High angle grain boundaries were
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Table 1: Material chemical composition

Fe Cr Ni C Si Mn P S Mo N Nb Ti O Co Cu

wt.% bal. 19.95 10.80 0.023 0.56 1.82 0.023 0.015 0.53 0.072 <0.001 0.02 0.011 0.22 0.29
at.% bal. 21.08 10.11 0.11 1.10 1.82 0.04 0.03 0.30 0.28 <0.001 0.02 0.04 0.21 0.25

enriched with P and slightly with Cr and Mo. Very215

few inclusions and no precipitates were detected in
the microstructure prior to irradiation.

2.2. Neutron irradiations

Cylindrical tensile bar samples 33 mm in length
with a gauge section 12 mm long and 2 mm in di-220

ameter were neutron irradiated as part of the in-
ternational Cooperative Irradiation-Assisted Stress
Corrosion Cracking Program (CIR II) in the Boris
6 and 7 experiments. Details about the irradia-
tions are provided in Ref. [68] and are summa-225

rized here. Samples were loaded into the BOR-60
sodium cooled fast reactor, located in Dimitrov-
grad, Russia. The nominal fast neutron flux at the
central plane of the rig was ∼ 1.8× 1015 n cm−2s−1

(E > 0.1 MeV) at full power (55 MWt). Irradia-230

tion damage in dpa-NRT was calculated by the Re-
search Institute for Atomic Reactors (RIAR) using
the SPECTER code. Based on these calculations,
for types 304 and 316 SS, a fluence of 1022 n cm−2

corresponds to ≈ 5.2 dpa and so the nominal dam-235

age rate at full power at the core central plane was
9.4× 10−7 dpa/s. Measured doses for the samples
examined during this study are 5.4, 10.3 and 47.5
dpa. The 47.5 dpa samples were irradiated 36 mm
above the core central plane, while the 5.4 and 10.3240

dpa samples were irradiated 166 mm above the core
central plane. The fast flux at these locations re-
spectively varied ∼ 15 and 30 % compared to the
core central plane. The average temperature for
these irradiations was 318 ± 10 °C estimated by the245

average temperature of the sodium coolant, and the
error indicates the maximum deviation observed be-
tween the inlet and outlet sodium temperatures.
During irradiation, the sodium coolant temperature
at the outlet was measured with two thermocou-250

ples inside the rig. In addition, thermal fuse moni-
tors using a Mg-Zn alloy were included among the
specimens. The Mg-Zn alloy has a fusion (eutectic)
temperature of 343 ± 3 °C. After irradiation, these
monitors were checked for melting by X-ray radio-255

graphy. Given that no melting was detected, it was
verified that during the course of the experiments,
irradiation temperatures did not exceed 343 °C.

2.3. Ion irradiations

Slices were cut from the grip sections of ten-260

sile bars with a low speed diamond saw at the
Low Activation Materials Development and Anal-
ysis (LAMDA) laboratory at Oak Ridge National
Laboratory (ORNL). To minimize residual surface
damage, samples were mechanically polished using265

SiC/diamond abrasives and then electropolished to
a mirror finish.
Ion irradiations were conducted using a 3 MV

Pelletron accelerator at the Michigan Ion Beam
Laboratory. A defocused beam of 9 MeV Ni3+ ions270

was used to add up to 42 dpa (1.2× 1017 ions/cm2)
at 380, 400 and 420 °C at a damage rate of ∼
1× 10−3 dpa/s to 5.4 dpa BOR-60 samples. Be-
cause the damage rate of ion irradiations was higher
than the BOR-60 fast neutron irradiations, an275

upwards temperature shift of at least 62 °C was
used to keep the number of Frenkel defects lost
to sinks invariant [70]. For 380 °C, the ion irra-
diation was divided into two separate experiments.
In the first experiment, the ion dose was 4.7 dpa280

(1.3× 1016 ions/cm2) and, in the second experi-
ment, another 37.3 dpa (1.0× 1017 ions/cm2) was
added to the same sample (total = 42 dpa ion dose).
At each irradiation temperature, the highest cumu-
lative neutron plus ion dose was 47.4 dpa. Doses285

and temperatures for the ion irradiation conditions
and the neutron irradiation conditions discussed in
Section 2.2 are summarized in Table 2.
To limit C contamination, samples and the cham-

ber were plasma cleaned prior to irradiation for 2290

hours, and a liquid nitrogen cooled cold trap was
used during experiments. Vacuum chamber pres-
sure was maintained below 10−7 torr. A cartridge
heater and compressed air at the back of the ir-
radiation stage were used to control temperature295

during irradiation. In addition, an infrared ther-
mal imaging camera monitoring the sample surface
and J-type thermocouples welded on neighboring
samples were used to actively track sample temper-
ature. The typical standard deviation for average300

sample temperatures was ± 5 °C.
Damage and ion implantation profiles given in

Fig. 1 were calculated with the Stopping and
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Table 2: Summary of doses and temperatures for neutron and ion irradiations

Neutron irradiation
Tirr = 318°C

Ion irradiation

Dose (dpa) Tirr (°C) Dose (dpa)
Total neutron+ion

dose (dpa)

5.4

— — 5.4
380 4.7, 42 10.1, 47.4
400 42 47.4
420 42 47.4

10.3 — — 10.3

47.5 — — 47.5

Figure 1: Implantation and damage profiles from SRIM for
9 MeV Ni3+ ion irradiations of 304L SS.

Range of Ions in Matter (SRIM-2013) program us-
ing the quick Kinchin-Pease method. A displace-305

ment energy of 40 eV was used for iron, chromium,
and nickel. Damage was calculated using the VA-
CANCY.txt output file. Doses reported are for an
approximate mid-range depth of 1 – 1.4µm, which
was used for microstructure characterization.310

2.4. Atom probe tomography

After irradiations, atom probe tomography
(APT) tips were prepared using the FEI Quanta
DualBeam and FEI Versa3D focused ion beams
(FIBs) at the LAMDA laboratory. Initial lift-out315

was performed using 30 keV Ga ions. The en-
ergy and current of the Ga beam were progres-
sively reduced during the sharpening step to avoid
milling induced artifacts. Final tip polishing was
performed using 2 keV Ga ions. The APT experi-320

ments on neutron plus ion irradiated samples, 10.3
dpa BOR-60 samples, and 47.5 dpa BOR-60 sam-
ples were carried out at the Michigan Center for
Materials Characterization (MC2) using a Cameca
LEAP 5000X HR, and APT samples from the 5.4325

dpa BOR-60 condition were run at the Center for
Nanophase Materials Science (CNMS) at ORNL
using a Cameca LEAP 4000X HR. Runs were ac-
quired in voltage mode at a temperature of 50 K,
with a 20 % pulse fraction, a pulse rate of 200 kHz,330

and a detection rate of 0.50 %.
APT volumes were reconstructed using Cameca’s

Integrated Visualization and Analysis Software
(IVAS). A field factor (k) of 4.5 was used, and since
pole structures could not be well resolved, an image335

compression factor (η) of 1.65 was assigned. Vol-
umes were then imported into our recently devel-
oped Open Source Characterization of APT Recon-
structions (OSCAR), an iso-position core-linkage
algorithm written in Python, to perform the clus-340

ter analysis. Since IVAS tends to over identify clus-
ters when there is low contrast between matrix and
cluster solute concentrations [71], OSCAR was used
to improve the accuracy of cluster identification.
Further details on OSCAR are available in Refs.345

[72, 73]. In this study, Cu-rich clusters were identi-
fied by Cu local concentration, while Ni-Si-Mn rich
clusters were identified by Si local concentration.
The complete set of parameters used for each anal-
ysis are provided in Table 3.350

Table 3: Analysis parameters used for cluster identification

Solute
Threshold
concentration

Linking
distance

Min. # of
solute atoms

cth (at. %) dlink (nm) Nmin

Cu 5.0 1.07 8
Si 8.0 0.75 9

Cluster core compositions were corrected to ac-
count for overlapping peaks in the mass spectrum.
Based on isotopic inventory results, transmutation
effects in this study were considered negligible. As
a result, natural isotopic abundances were used for355

decomposition. The decomposition module in IVAS
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was used to compute the corrected bulk composi-
tion of each APT volume. Using this information,
the corrected cluster core composition for element
i, X i

c, was calculated using equation 1 [74] where360

for element i, X i
m is the measured composition in

the cluster, Bi
c is the corrected composition in the

bulk, and Bi
m is the measured composition in the

bulk.

X i
c =

X i
mB

i
c

Bi
m

(1)

The morphology of each cluster was also assessed.365

This was performed using a sphericity parameter,
ψ, defined in Ref. [72]. Values for ψ range between
0 and 1, where ψ = 1 indicates a cluster is per-
fectly spherical. In the results that follow, unless
otherwise indicated, clusters with ψ < 0.75 were370

excluded. Since clusters cut off at the edge of an
APT volume generally had low sphericity, it should
be noted that this method also removed severely
clipped clusters.

3. Results375

3.1. Cu-rich clusters

3.1.1. Evolution under neutron irradiation

Cu atom maps sampled from each neutron ir-
radiation condition and the corresponding clusters
identified with OSCAR in each volume are shown380

in Fig. 2. At each dose, clustering of Cu atoms was
observed. As shown in Fig. 3a, the number den-
sity of clusters increased from 5.4 to 10.3 dpa and
then decreased at 47.5 dpa. Nonetheless, changes
in number density were within an order of magni-385

tude. Fig. 3b further shows that changes in average
Guinier radius with dose were within experimental
error. This implies neutron dose did not drastically
coarsen the Cu-rich clusters. Cluster radius distri-
butions at each dose, given in Fig. 4, were nor-390

mal and symmetric. The standard deviation of size
distributions at 5.4, 10.3, and 47.5 dpa was 0.32,
0.30, and 0.31 nm, respectively. Thus, the spread
of the cluster size distribution remained relatively
constant as well with increasing dose.395

While the average sizes of the Cu-rich clusters
did not change significantly with dose, Fig. 5 shows
the average concentration of Cu in the cluster cores
monotonically increased from 5.4 to 47.5 dpa. Even
at 10.3 dpa compared to 5.4 dpa, cluster cores con-400

tained significantly more Cu (∼ 15 at.% at 5.4 dpa
and ∼ 24 at.% at 10.3 dpa). Although Cu enriched

Figure 2: APT reconstructions showing Cu-rich clusters af-
ter fast neutron (E > 0.1 MeV) irradiations in BOR-60 at
318 °C. (a) Maps of Cu atoms and (b) the corresponding Cu
clusters identified with OSCAR. Note that other elements
in the clusters are not represented here. Neutron doses are
shown above each reconstruction.

more slowly in the cluster cores from 10.3 to 47.5
dpa, it is unclear without additional data at higher
irradiation doses whether the clusters have reached405

their steady state composition. Besides Cu, these
clusters were generally enriched in Ni and Si and
depleted in Fe and Cr as compared to the matrix.

3.1.2. Effect of ion irradiation on Cu-rich clusters

formed during neutron irradiation410

Cu atom maps from the 5.4 dpa BOR-60 samples
that were self-ion irradiated and the corresponding
clusters identified with OSCAR in those maps are
given in Fig. 6. After the addition of 4.7 dpa by ion
irradiation at 380 °C, Cu-rich clusters were present415

in low density. However, after the addition of 42
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Figure 3: Evolution of the number density and average
Guinier radius of Cu-rich clusters with BOR-60 neutron dose
for irradiations at 318 °C. (a) Number density of Cu-rich
clusters as a function of neutron irradiation dose and (b)
average Guinier radius of Cu-rich clusters as a function of
neutron irradiation dose.

Figure 4: Size distribution of Cu-rich clusters for each BOR-
60 neutron irradiation dose. (a) 5.4 dpa, (b) 10.3 dpa, (c)
47.5 dpa. Kernel density estimates are plotted as solid lines.

Figure 5: Evolution in average core composition of Cu-rich
clusters with BOR-60 neutron irradiation dose. The initial
bulk matrix composition is shown with open symbols in the
gray shaded area for comparison.

dpa by ion irradiation at 380 °C, resulting in a to-
tal neutron plus ion dose of 47.4 dpa, Cu-rich clus-
ters had disappeared. Furthermore, Cu-rich clus-
ters were also not detected in samples exposed to420

ion irradiation at the higher temperatures of 400
and 420 °C. Fig. 7a shows a comparison of evolu-
tion in Cu-rich cluster number density with dose for
the neutron irradiated conditions and the combined
neutron and ion irradiated conditions at 380 °C.425

The cluster number density dropped rapidly after
an ion dose of 4.7 dpa and, as indicated by the dot-
ted line, eventually falls to zero between an ion dose
of 4.7 and 42 dpa. The evolution of average cluster
size with dose is given in Fig. 7b for both the neu-430

tron irradiated conditions and the combined neu-
tron and ion irradiated conditions at 380 °C. Even
though the number density of Cu-rich clusters no-
ticeably declined, the average Guinier radius of the
remaining clusters did not vary significantly with435

4.7 dpa ion irradiation. This suggests there was
no inverse coarsening, and the pre-existing Cu-rich
clusters were dissolved. Fig. 8 presents the aver-
age cluster core composition during the combined
neutron and ion irradiations at 380 °C. Since no440

clusters were detected at an ion dose of 42 dpa,
the alloy bulk composition is plotted at this dose
for reference. The average cluster core composition
barely regressed towards the bulk composition af-
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ter 4.7 dpa ion dose. However, little change may be445

expected since ballistic dissolution occurs along the
cluster interface, not in the core.

Figure 6: Evolution of Cu-rich clusters after ion irradia-
tions on 5.4 dpa neutron irradiated samples. (a) Maps of
Cu atoms and (b) the corresponding Cu clusters identified
with OSCAR. Note that other elements in the clusters are
not represented here. Samples were initially irradiated in the
BOR-60 reactor for 5.4 dpa. Dose and temperatures overlaid
here denote the conditions used for the ion irradiations.

Figure 7: A comparison of the (a) number density and (b) av-
erage Guinier radius of Cu-rich clusters during neutron irra-
diation and combined neutron and ion irradiation at 380 °C.
Dashed lines are used to indicate that cluster number den-
sity and average Guinier radius for the combined neutron
and ion irradiation are interpolated between an ion dose of
4.7 and 42 dpa as no clusters were detected at an ion dose
of 42 dpa.

Figure 8: The evolution of Cu-rich cluster core composition
with ion irradiation dose at 380 °C. As no clusters were de-
tected after an ion dose of 42 dpa, alloy bulk composition is
plotted at this dose for reference. Dashed lines provide an
interpolation of concentrations between an ion dose of 4.7
and 42 dpa.

8



3.2. Radiation-induced Ni-Si-Mn-rich clusters

3.2.1. Evolution under neutron irradiation

Ni-Si- and Ni-Si-Mn-rich clusters formed after450

neutron irradiations. Since contrast between the
Si concentration in the clusters and the matrix was
the highest, we selected Si as the solute species to
identify these clusters. Atom maps showing the dis-
tribution of Si and the corresponding clusters iden-455

tified with OSCAR from each neutron irradiation
condition are given in Fig. 9. Based on critical
nucleation theory, it is assumed that clusters nucle-
ating homogeneously are spherical, since this geom-
etry minimizes the ratio of surface area to volume.460

Heterogeneously nucleating clusters, however, may
not be spherical. Because Ni and Si can segregate
to dislocation lines and loops in austenitic steels,
we used the sphericity factor ψ to separate between
clusters nucleating homogeneously and forming due465

to RIS. Unlike the Cu-rich clusters, numerous Ni-
Si-rich clusters observed in the 5.4 and 10.3 dpa
conditions were non-spherical (ψ < 0.75). Many of
these features were linear, but some non-spherical
features, such as the cluster shown in Fig. 10, were470

toroidal. These non-spherical clusters are expected
to be RIS on dislocation lines and loops. In con-
trast with the low neutron doses, highly concen-
trated, large, spherical features were the dominant
type of clusters observed at 47.5 dpa. We consid-475

ered such Ni-Si-Mn-rich clusters with ψ ≥ 0.75 to
have formed by homogeneous nucleation (not by
RIS to dislocation lines and loops).
For Ni-Si-Mn-rich clusters with ψ ≥ 0.75, num-

ber density increased from 5.4 to 10.3 dpa but then480

decreased by 47.5 dpa, as can be seen in Fig. 11a.
Overall changes in the number density were less
than an order of magnitude. In Fig. 11b, the av-
erage Guinier radius for the Ni-Si-Mn-rich clusters
at each dose is shown. Between 5.4 and 10.3 dpa,485

the average cluster size did not change significantly;
however, by 47.5 dpa, the average Guinier radius of
the clusters nearly doubled. Cluster radius distri-
butions are given in Fig. 12. At 10.3 dpa, the size
distribution was bi-modal, with the upper mode be-490

ing more prominent. By 47.5 dpa, the distribution
of Guinier radii returned to being uni-modal, but
shifted to higher values. In addition, the distribu-
tion appears to narrow slightly at 47.5 dpa as the
standard deviation at 5.4, 10.3, and 47.5 dpa was495

0.75, 0.79, and 0.68 nm, respectively.
The chemistry of the cluster cores as a function

of irradiation dose is plotted in Fig. 13. Overall, Fe

Figure 9: APT reconstructions showing Si-rich clusters after
fast neutron (E> 0.1 MeV) irradiations in BOR-60 at 318 °C.
(a) Maps of Si atoms. (b) and (c) are maps showing the
corresponding Si clusters identified with OSCAR for ψ <

0.75 and ψ ≥ 0.75, respectively. Note that other elements
in the clusters are not represented here. Neutron doses are
shown above each reconstruction.

and Cr depleted from the clusters while Ni, Si, Mn,
and P were enriched. By 5.4 dpa, the composition500

of the cluster cores had rapidly reached approxi-
mately 32Ni-17Si-3Mn-35Fe-9Cr-1P at.%. For all
elements, cluster core concentration evolved mono-
tonically with neutron irradiation dose. At 47.5
dpa, the average core composition was approx-505

imately 55Ni-22Si-11Mn-4Fe-3Cr-2P at.%, which
closely resembles the composition of G-phase.
As noted previously, for the samples irradiated to

5.4 and 10.3 dpa, there were several non-spherical
clusters observed (ψ ≤ 0.75). These clusters had510

a unique core composition compared to the spheri-
cal clusters. In general, they contained less Ni, Si,
Mn, and P and more Fe and Cr than the spherical
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Figure 10: 3D reconstruction highlighting a toroidal cluster
observed in an APT volume after BOR-60 fast neutron irra-
diation to 10.3 dpa at 318 °C. (a) Si atom map from the 10.3
dpa irradiation condition with all clusters highlighted, (b) a
toroidal shaped cluster with all its constituent atoms, and
(c) Ni and (d) Si 2D concentration profiles of the toroidal
cluster. 2D concentration profiles were measured across a 12
x 12 nm area using a 6 nm thickness. No 2D concentration
profile for Mn is provided, since Mn enrichment was not ob-
served in this cluster.

Figure 11: Evolution of the number density and average
Guinier radius of Ni-Si-Mn rich clusters with BOR-60 neu-
tron dose for irradiations at 318 °C. (a) Number density of
Ni-Si-Mn-rich clusters as a function of neutron irradiation
dose and (b) average Guinier radius of Ni-Si-Mn rich clus-
ters as a function of neutron irradiation dose.

Figure 12: Size distribution of Ni-Si-Mn-rich clusters for af-
ter BOR-60 neutron irradiations at 318 °C. After (a) 5.4 dpa,
(b) 10.3 dpa, and (c) 47.5 dpa.

Figure 13: Evolution in average core composition of Ni-Si-
Mn-rich clusters with BOR-60 irradiation dose. Initial bulk
composition of the alloy is shown with open symbols.
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clusters. For example, at 10.3 dpa the average core
composition of the spherical clusters was approx-515

imately 41Ni-19Si-5Mn-23Fe-8Cr-2P at.% whereas
it was approximately 25Ni-16Si-2Mn-40Fe-12Cr-1P
at.% for the non-spherical clusters. Thus, these two
species of clusters based on morphology and chem-
istry appear to be distinct, which supports the no-520

tion that Ni-Si-rich clusters may form by two dif-
ferent pathways: either due to RIS on dislocation
lines and loops or by homogeneous nucleation.

3.2.2. Effect of ion irradiation on Ni-Si-Mn-rich

clusters formed during neutron irradiation525

The distribution of Si atoms in sample APT vol-
umes after combined neutron and ion irradiation
along with the clusters identified by OSCAR are
given in Fig. 14. While Ni-Si-Mn-rich cluster-
ing was observed in each condition, clusters af-530

ter adding 42 dpa ion dose at 400 and 420 °C ap-
peared noticeably larger and well-defined compared
to the clusters found in the samples ion irradiated
at 380 °C. In fact, several clusters in the samples ion
irradiated at 380 °C were diffuse and non-spherical,535

similar to clusters in the 5.4 and 10.3 dpa BOR-60
conditions.
First, we present the results from combined neu-

tron and ion irradiation at 380 °C. The evolution of
Ni-Si-Mn-rich cluster number density with dose is540

given in Fig. 15a. Overall, cluster number density
remained steady with increasing ion dose. Error in
number density was slightly larger for the 42 dpa
ion dose compared to the 47.5 dpa neutron dose
due to a smaller sampling volume. Average clus-545

ter radius as shown in Fig. 15b also barely varied
with ion irradiation dose at 380 °C. This contrasts
with the increase in average Guinier radius observed
with neutron irradiation dose, which is plotted as
a dotted line in Fig. 15b for reference. A striking550

observation is the difference in cluster core compo-
sitions for the BOR-60 irradiated samples (Fig. 13)
and the samples irradiated with both neutron and
ions at 380 °C, shown in Fig. 16. As ion irradiation
dose was increased from 4.7 to 42 dpa, only minor555

changes in cluster core composition occurred. The
final composition of the clusters after an ion dose
of 42 dpa was approximately 34Ni-18Si-2Mn-33Fe-
10Cr-1P at.%. While Ni and Si were still enriched
and Fe and Cr were still depleted in the clusters, the560

magnitude of these fluctuations after an ion dose of
42 dpa was noticeably lower than that observed af-
ter neutron irradiation. The average Ni, Si, and
Mn core concentrations after 42 dpa ion irradia-

Figure 14: Evolution of Si-rich clusters after ion irradiations
on 5.4 dpa neutron irradiated samples. (a) Maps of Si atoms.
(b) and (c) are maps showing the corresponding Si clusters
identified with OSCAR for ψ < 0.75 and ψ ≥ 0.75, respec-
tively. Note that other elements in the clusters are not repre-
sented here. Samples were initially irradiated in the BOR-60
reactor for 5.4 dpa. Dose and temperatures overlaid here de-
note the conditions used for the ion irradiations.

tion were lower than those in the 47.5 dpa neutron565

irradiated clusters by ∼ 39, 15, and 85%, respec-
tively. After 42 dpa ion dose, the Mn concentration
measured in the cluster cores was on par with the
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Figure 15: A comparison of the (a) number density and (b)
average Guinier radius of Ni-Si-Mn-rich clusters during neu-
tron irradiation and combined neutron and ion irradiation
at 380 °C.

non-irradiated bulk concentration of Mn, indicat-
ing very little enrichment of Mn in the Ni-Si-rich570

clusters as compared to the neutron case. For the
depleting solute species of Fe and Cr, differences be-
tween cluster core concentrations after 42 dpa ion
irradiation compared to those after 47.5 dpa neu-
tron irradiation were even more dramatic as they575

were higher by ∼ 647% and 193%, respectively.
Ni-Si-Mn-rich clustering that developed during

ion irradiation at 400 and 420 °C was appreciably
different from the clustering observed during ion ir-
radiation at 380 °C. As can be seen in Fig. 17a,580

for an ion dose of 42 dpa, cluster number den-
sity dropped by a factor of ∼ 2 as ion irradiation
temperature increased from 380 °C to 400 °C. This
change was just within error, however, one must
consider that percent error scales by 1/

√
N , where585

N is the number of clusters counted, and, therefore,
percent error is larger for the lower number densi-
ties. The difference in average Guinier radii when
ion irradiation temperature was 400 or 420 °C com-
pared to 380 °C was more pronounced. As shown590

in Fig. 17b, the average Guinier radius of the clus-
ters was almost three times larger. In addition,
the average Guinier radius of Ni-Si-Mn-rich clus-
ters during combined neutron and ion irradiation
to a total dose of 47.4 dpa (+ 42 dpa ion dose)595

at 400 or 420 °C was more than 1.5 times larger

Figure 16: The evolution of Ni-Si-Mn-rich cluster core com-
position with ion irradiation dose at 380 °C.

than the average Guinier radius of Ni-Si-Mn-rich
clusters formed during neutron irradiation after a
similar total dose.
Based on Fig. 18, where average cluster core600

composition is shown as a function of ion irradi-
ation temperature for an ion dose of 42 dpa, it is
clear that clusters formed after ion irradiation at
380 °C had a much lower Ni content compared to
the clusters formed at higher ion irradiation tem-605

peratures. In fact, after ion irradiation at 400 and
420 °C, clusters cores had Ni and Si concentration
values commensurate with G-phase. The average
concentration of P in the cluster cores also increased
with ion irradiation temperature, reaching ∼ 4 at.%610

for the 420 °C condition. Finally, the average Mn
concentration in the clusters after ion irradiation at
400 and 420 °C was only about 7.5 at.%, which is
less than the approximately 11 at.% found within
clusters formed during 47.5 dpa neutron irradiation.615

The composition of Ni-Si-Mn-rich clusters formed
during combined neutron and ion irradiation was
therefore slightly different from the composition ob-
served for the same clusters formed during neutron
irradiation.620

It should be noted that a third type of Ni-Si-
rich clustering feature was observed in the + 42
dpa condition at each ion irradiation temperature.
These clusters had a platelet morphology as shown
in Fig. 19. Unfortunately, these features were625
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Figure 17: Influence of ion irradiation temperature on (a)
number density and (b) average Guinier radius for Ni-Si-Mn-
rich clusters at an ion dose of 42 dpa. The cluster density
and average Guinier radius for BOR-60, 5.4 dpa, which was
the starting condition for ion irradiation, are indicated by
the dashed lines.

Figure 18: Average core composition of Ni-Si-Mn-rich clus-
ters as a function of irradiation temperature for an ion dose
of 42 dpa.

Figure 19: Example of Ni-Si-rich cluster with a platelet mor-
phology from the + 42 dpa, 420 °C ion irradiation condition.
(a) Front on view and (b) edge on view of the cluster. It
should be noted that the cluster intersected the edge of the
volume and therefore in the front on view the right-hand side
of the cluster is slightly clipped.

present in low number density and were often par-
tially clipped at the edge of the APT tip volume,
and so reliable quantitative information is difficult
to provide. Qualitatively, the platelet shaped clus-
ters were most prevalent and largest in the sample630

ion irradiated at 420 °C. The average composition
of the platelet-shaped clusters in the 420 °C ion irra-
diated sample was 63Ni-27Si-0.4Mn-6Fe-1Cr-0.2P
at.%. Thus, the Ni and Si content of these features
was higher than in the spherical clusters. Man-635

ganese and phosphorus were noticeably absent from
the platelet-shaped clusters as well.

4. Discussion

4.1. Radiation enhanced formation of Cu-rich clus-

ters during neutron irradiation640

In this study, Cu-rich clusters appeared to nucle-
ate and grow during neutron irradiation at 318 °C.
Given the solubility of Cu in γ-Fe is approximately
0.009 wt.% at this temperature [75], the forma-
tion of Cu-rich clusters is likely to be radiation en-645

hanced. It should be noted that the formation of
Cu-rich clusters during neutron irradiation has only
recently been reported [57]. Cu-rich clusters have
also been observed after proton irradiation at 360 °C
in commercial purity 304 [55, 56] and after self-ion650

irradiation at 380 °C in 304L [53]. Compared to pro-
ton and ion irradiations, neutron irradiations have
lower damage rates and so ballistic mixing effects
are reduced. In addition, the thermodynamic driv-
ing force for precipitation will be higher during neu-655

tron irradiation at 318 °C compared to the studies
in Refs. [55, 56, 53], since supersaturation of Cu
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increases as temperature decreases. Thus, the sta-
bility of Cu-rich clusters during neutron irradiation
is explicable.660

The presence of Cu-rich clustering after self-ion
irradiation in Ref. [53] contradicts our results where
Cu-rich clusters were unstable under similar irradi-
ation conditions. This discrepancy may be due to
differences in APT cluster analysis as the maximum665

separation method used to identify clusters in Ref.
[53] is less stringent compared to the iso-position
method used in this study. As a result, higher clus-
ter densities are typically reported with the maxi-
mum separation method [71]. Another possibility670

is that injected interstitials may have suppressed
clustering in our study. Recently, Lin et al. [76] re-
vealed that for 8 MeV Ni ions implanted into pure
Fe, the depth of the injected interstitial peak was
overestimated with SRIM calculations by 38%. As-675

suming this SRIM calculation error is roughly the
same for our experiments, the depth of examination
in our study is much closer to the injected intersti-
tial peak than in Ref. [53].
Even in an over-saturated solution with radia-680

tion enhanced diffusion, nucleation and growth of
Cu-rich clusters appears to be slow. In this study,
number density of Cu-rich clusters increased un-
til 10.3 dpa, and the average amount of Cu in the
cluster cores continued to increase up to 47.5 dpa.685

During proton irradiation of commercial purity 304
at 360 °C, the number density of Cu-rich cluster in-
creased by an order of magnitude as dose increased
from 5 to 10 dpa (with doses calculated using the
full cascade option in SRIM) [55, 56]. All the afore-690

mentioned evidence suggests that Cu-rich clusters
either develop late due to sluggish kinetics or nu-
cleate non-classically [77].
Cu-rich clusters that formed during neutron ir-

radiation by radiation enhanced precipitation were695

unstable during high damage rate ion irradiations
between 380 and 420 °C. We presume the clusters
do not completely dissolve in-cascade, since after
4.7 dpa ion irradiation at 380 °C there were still
clusters observed. Rather, the gradual dissolution700

of Cu-rich clusters during ion irradiation likely oc-
curs due to ballistic mixing. Given that the kinet-
ics governing Cu-rich cluster nucleation and growth
appear to be very slow, it is probable that radia-
tion enhanced diffusion of Cu is not fast enough to705

counter the rate at which Cu is ballistically ejected
from the clusters. The effect of damage rate on
Cu-rich cluster stability will be discussed further in
section 4.3.

Aging experiments of austenitic stainless steels710

[58, 78] at 650 – 700 °C indicate that at thermal
equilibrium, Cu precipitates are nearly pure Cu.
However, following neutron irradiation the Cu-rich
clusters observed in this study were noticeably di-
lute. Cu concentration in the cluster cores after715

47.5 dpa was approximately 29 at.% while Fe con-
centration was approximately 37 at.%. In ferritic
alloys, the Fe content of Cu-rich precipitates is a
subject of open debate [79, 80, 81, 82, 83, 84]. Pre-
cipitates in Fe-Cu alloys are subject to local magni-720

fication effects when studied with APT [85]. How-
ever, there is evidence that trajectory aberrations
in these alloys do not cause mixing in the precipi-
tate core, and Cu-rich precipitates in fact contain
some Fe [85, 86]. This hypothesis is also supported725

by thermodynamic studies [80, 82]. To determine
the extent of trajectory aberrations in our experi-
ments, atomic density relative to the bulk was mea-
sured in the x-direction across several clusters. An
example profile is provided in Ref. [72]. Since Cu730

has a lower evaporation field (30Vnm−1) compared
to Fe (33Vnm−1), a peak in the profile is expected
if trajectory aberrations are significant; however,
no peaks were detected. Without severe trajectory
aberrations, matrix atoms should not overlap with735

the Cu-rich clusters. As a result, it is likely that in
this study, the Cu-rich clusters actually do contain
Fe. They may not have reached their equilibrium
composition, or Fe from the matrix may have been
ballistically injected into the clusters during irradi-740

ation.
Besides containing Fe, the Cu-rich clusters were

also enriched in Ni and Si. The amount of Ni and
Si in the clusters appeared to decline slightly af-
ter 10.3 dpa. Despite containing elevated amounts745

of Ni and Si, most of the Cu-rich clusters were
homogeneously distributed. This aligns with the
observation of Chen et al. [56] where about one-
third of the Cu-rich clusters were in contact with
Ni-Si-rich clusters. In contrast, it was reported in750

Ref. [55] that most Cu-rich clusters were associated
with Ni-Si-rich clusters. Given these contradictory
results, the relationship between the Cu- and Ni-Si-
rich clusters in irradiated austenitic stainless steels
is still unclear. Analogous research in irradiated fer-755

ritic alloys shows Cu-rich precipitates are frequently
surrounded by Mn-Ni-Si shells [61, 64, 65, 66]. It is
believed that Ni and Mn segregation at the inter-
face of Cu-rich clusters reduces the interfacial en-
ergy, thereby lowering the critical energy required760

for nucleation [87, 88, 89]. During the early stages
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of nucleation, Ni has also been detected in the core
of Cu-rich clusters [90]. Jiao et al. [88] have sug-
gested that another effect of Ni is it reduces the
elastic strain energy associated with cluster nucle-765

ation. Further research is needed specifically on
the kinetics and thermodynamics of Cu-rich cluster
precipitation in austenitic stainless steels.

4.2. Morphology and chemistry of Ni-Si-rich clus-

ters770

In this study, three classes of Ni-Si-rich clus-
ters were identified by comparing morphology and
chemistry. The first class included linear and
toroidal shaped clusters (ψ < 0.75) that appeared
in the samples neutron irradiated to 5.4 – 10.3 dpa775

and the samples irradiated with neutrons and ions
at 380 °C to a combined dose of 10.1 and 47.4 dpa.
Because their shape resembled dislocation lines and
loops, these clusters are expected to be due to RIS.
In general, dislocation cores are sinks for point780

defects, and self-interstitial atoms are attracted to
the stress field surrounding dislocation cores. As a
result, when solute atoms preferentially diffuse by
an interstitial or vacancy mechanism, solute segre-
gation can arise. In the case of austenitic stain-785

less steels, the enrichment of Ni and Si at defect
sinks (i.e. grain boundaries, dislocation lines, voids,
etc.) is well documented [91, 92, 93]. Nickel pre-
dominantly enriches at sinks due to the preferential
diffusion of Cr over Ni by the inverse Kirkendall790

mechanism [94], while Si is known to arrive at sinks
by an interstitial drag mechanism [95]. Toroidal
shaped clusters abundant in Ni and Si have been
observed in several other APT studies of irradiated
austenitic stainless steels [55, 56, 96]. Further ev-795

idence that these clusters may result from RIS to
dislocation cores is provided by Etienne et al. in
Ref. [97], where the number density of Si-rich clus-
ters observed by APT in ion irradiated cold worked
316SS was correlated to the density of dislocation800

loops observed by TEM.
The second class of Ni-Si-rich clusters observed

included clusters that had a spherical morphology
(ψ ≥ 0.75). In most cases, these clusters were also
rich in Mn. For the sample irradiated in BOR-60805

to 47.5 dpa and the samples ion irradiated at 400
and 420 °C for 42 dpa, Ni and Si concentrations
in the clusters were commensurate with G-phase
and thus these clusters are expected to be G-phase
precipitates. By extension, the spherical clusters810

observed at lower neutron doses and also at lower

ion irradiation temperatures are believed to be G-
phase embryos. Indeed, the Ni/Si ratios for the
spherical clusters observed in the samples neutron
irradiated to 5.4 and 10.3 dpa were 1.8 and 2.1,815

respectively, which approaches the Ni/Si ratio in
G-phase (≈ 2.3).
Differences in the Mn and P content of G-phase

formed during neutron irradiation and combined
neutron and ion irradiation are likely related to820

RIS. Phosphorus is known to segregate to surfaces
in austenitic stainless steels under thermal condi-
tions [98] and its segregation is enhanced under ir-
radiation through migration by interstitial binding
[99, 55]. The mechanism by which Mn accumu-825

lates in G-phase precipitates is less clear, since Mn
normally depletes at grain boundaries in austenitic
alloys [100, 55]. However, recent first-principles cal-
culations suggest that, due to magnetic effects, Mn
can potentially bind with interstitials despite be-830

ing an oversized solute [101]. Nevertheless, mystery
still surrounds the role of Mn in Ni-Si-rich clus-
ter formation, which is also a topic of major de-
bate for similar clusters in irradiated ferritic alloys
[102, 103].835

While G-phase is a well-known radiation induced
phase in austenitic stainless steels, it is typically
observed in 316 and not 304 stainless steel [36]. In
addition, G-phase in 300-series stainless steels ir-
radiated with neutrons at LWR-relevant tempera-840

tures is rarely reported. However, there is grow-
ing evidence that G-phase can precipitate in 304SS
and at irradiation temperatures below 400 °C. Re-
cently, Isobe et al. detected a fine distribution
of G-phase in X18H9, which is analogous to AISI845

304, irradiated in the BN-600 fast reactor at 370
– 375 °C [104]. Also, although the phase could not
be definitively identified based on electron diffrac-
tion patterns, potential G-phase precipitation was
suspected in Refs. [69, 105] for 304SS variants irra-850

diated in BOR-60 at approximately 320 °C.
The last class of Ni-Si-rich clusters, observed only

in the samples irradiated with both neutron and
ions, included platelet shaped clusters (ψ ≤ 0.75).
While the average Ni to Si ratio for the platelet-855

shaped clusters was 2.3, these clusters had no Mn
enrichment. In fact, the averageMn core concentra-
tion of these clusters was approximately 0.4 at.%,
indicating Mn was depleted. In addition, the core
Ni and Si content of these clusters exceeded values860

of stoichiometric G-phase (i.e. > 55 at.% for Ni
and > 21 at.% for Si), reaching as high as 68 at.%
Ni and 29 at.% Si. Given their composition, these
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platelet-shaped clusters are unlikely to be G-phase
precursors. Although they had different chemistry865

compared to the present study, platelet-shaped fea-
tures were also reported by Etienne et al. in neu-
tron and ion irradiated cold-worked 316 stainless
steel [106, 96]. While the nature of these features re-
mains ambiguous, we hypothesize that the platelet870

shaped clusters are Frank dislocation loops where
significant solute accumulation occurs, covering the
entire habit plane. Besides at dislocation cores, Ni
and Si enrichment on the habit plane of Frank loops
has been observed in the past with analytical elec-875

tron microscopy [107]. Since the area bound by a
Frank loop is a stacking fault, solute segregation on
the habit plane may reduce stacking fault energy
[108] and, by extension, loop energy. Consistent
with this, molecular statics calculations for the Ni-880

Fe system have validated that due to the stress field
induced by a stacking fault, the lowest energy con-
figuration for solute segregation can be on the habit
plane of a faulted dislocation loop [109].
There is some evidence that microstructure and885

irradiation conditions may affect the formation of
the platelet-shaped clusters, since this type of clus-
ter was not observed after neutron irradiation. The
number density of spherical clusters suspected to
be G-phase precipitates after 42 dpa ion irradiation890

was lower than after 47.5 dpa neutron irradiation.
Thus, precipitates are expected to contribute less to
the overall sink strength in the ion irradiated sam-
ples. With fewer sinks for point defects to partition
to, RIS of Ni and Si to dislocation loops should be895

more pronounced. Assuming the platelet-shaped
clusters are faulted dislocation loops with solute
atoms accumulated on the habit plane, greater RIS
at dislocation loops should promote the formation
of these clusters.900

4.3. Effect of damage rate on cluster stability

Both Cu- and Ni-Si-Mn-rich clusters were able to
nucleate during neutron irradiation. However, sub-
ject to ion irradiation, Cu-rich clusters dissolved
while Ni-Si-Mn-rich clusters were retained. This905

suggests that compared to the Ni-Si-Mn-rich clus-
ters, the Cu-rich clusters have a greater suscepti-
bility to ballistic dissolution and/or have a weaker
ability to recover from ballistic attack. The most
simplistic model that balances recoil dissolution910

and the diffusion of solute to precipitates is the
Nelson, Hudson, Mazey (NHM) model [29]. How-
ever, the NHM model assumes recoil distances are
infinitely large and therefore incorrectly represents

the solute concentration gradients near the particle915

interface [17, 27]. As an improvement, the Heinig
model [67] employs an exponential recoil distribu-
tion. A key concept proposed by the Heinig model
is that under irradiation, the capillary radius, rcap,
of precipitates can be modified. Under thermal con-920

ditions, rcap is equal to 2σVm/RgT where σ is in-
terfacial energy, Vm is molar volume of atoms in the
precipitate phase, Rg is the universal gas constant,
and T is temperature. However, the effective capil-
lary radius of a precipitate under irradiation, rirrcap,925

is given by:

rirrcap =
4rcap − 5λ∆

4(1 + ∆)
(2)

where ∆ is defined as:

∆ =
qφλ2

DirrC∞

(3)

Here λ is the mean displacement distance, q is
the mixing rate, φ is the flux, Dirr is the irradi-
ation enhanced diffusion coefficient of the solute930

species, and C∞ is the equilibrium concentration
of solute in the matrix near a particle of infinite
radius. When rirrcap is positive, Ostwald coarsen-
ing of the precipitates occurs based on the Gibbs-
Thomson effect. On the other hand, when rirrcap is935

negative, inverse coarsening of the precipitates is
predicted. One shortcoming of the Heinig model is
that it does not predict ballistic dissolution, only
inverse coarsening. It is important to note though
that if λ exceeds some critical relocation distance,940

Rc, inverse coarsening is precluded, and only ballis-
tic dissolution can occur [27]. However, determin-
ing Rc requires computational modeling, which is
beyond the scope of this paper. And so, the goal
herein is to use the Heinig model to explain the945

experimentally observed results for Cu- and Ni-Si-
Mn-rich clusters under neutron and ion irradiation.
Specifically, for the clusters nucleated after 5.4 dpa
neutron irradiation, the critical temperature for sta-
bility will be determined for each cluster species at950

neutron (low) and ion (high) damage rates.
First, the irradiation enhanced diffusion coeffi-

cient for each solute species is estimated by:

Dirr ≈ Dth

(

cv
cthv

)

(4)

where Dth is the thermal solute chemical diffusion
coefficient and cthv is the thermal concentration of
vacancies. The concentration of vacancies under
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Table 4: Input values used to calculate solute irradiation enhanced diffusion coefficients

Variable Description Value Reference

a0 lattice parameter 3.58× 10−10 m —
Nv atomic number density 8.72× 1028 at/m3 —

Gdpa Frenkel pair generation rate
9.4× 10−6 dpa/s (neutron)
1.0× 10−3 dpa/s (ion)

—

η defect production efficiency 0.33 [110]
rc recombination radius 5a0 [111]

Dv diffusion coefficient for vacancies a20(2 × 1013 s−1) exp
(

−1.2 eV
kbT

)

[95]

Di diffusion coefficient for interstitials a20(2 × 1013 s−1) exp
(

−0.9 eV
kbT

)

[112]

cthv thermal concentration of vacancies Nv exp
(

−1.9 eV
kbT

)

[113]

Dth
Cu Cu thermal diffusion coefficient (1.9× 10−5m2/s) exp

(

−273 kJ
RgT

)

[114]

Dth
Ni Ni thermal diffusion coefficient (5.3× 10−4m2/s) exp

(

−318 kJ
RgT

)

[115]

irradiation, cv, was approximated assuming steady-955

state, recombination dominant conditions with:

cv ≈
(

ηGdpaNv

4πrc(Dv +Di)

)1/2

(5)

where Gdpa is Frenkel pair generation rate, η is de-
fect production efficiency, Nv is atomic number den-
sity, rc is recombination radius, Dv is the diffusion
coefficient for vacancies, and Di is the diffusion co-960

efficient for interstitials. To simplify calculations,
Cu for the Cu-rich clusters and Ni for the Ni-Si-
Mn-rich clusters were assumed to be the diffusion
limiting solute species. Values used in equations 4
and 5 are provided in Table 4.965

The current international standard unit for en-
ergetic particle damage is dpa measured using the
Norgett, Robinson, and Torrens (NRT) model [116].
However, NRT dpa only considers displacements
and does not account for replacements (atoms970

transported from one lattice site to another). This
is problematic as replacements contribute signifi-
cantly to radiation mixing [117]. As a result, we
have chosen to use recoils (displacements + replace-
ments) per atom in lieu of NRT dpa. Cluster chem-975

istry also needs to be considered when calculating
the number of recoils for a specific solute species.
For simplicity, the number of recoils for a given so-
lute species is assumed to be proportional to solute
content within the cluster, cp. Thus, equation 3 is980

modified so that qφ is substituted with cpqφ, the re-
coil rate of a specific solute species, where q is the
ratio of recoils to displacements and φ is the NRT
damage rate. The value of q as well as the average
recoil distance, λ, can be estimated from molecular985

dynamics simulations [118, 119]. The recoil distri-

bution from a 10 keV cascade in Ni was fit with an
exponential and then integrated up to a distance of
5 nm, roughly the radius of a cascade, to approxi-
mate the total number of recoil events. This value990

was then compared to the number of NRT displace-
ments calculated with SRIM (quick Kinchin-Pease
option and a displacement energy of 40 eV) using
the damage energy method. Based on this analy-
sis, q is approximately 40 recoils/displacement. In995

addition, the average recoil distance over the distri-
bution was estimated as 0.85a0. Note that since λ
is much less than the cluster radii, the spatial dis-
tribution of recoils depends only slightly on initial
cluster radius. By extension, this implies there is a1000

weak correlation between cluster radius and ballis-
tic dissolution susceptibility.
Interfacial energy is perhaps the most difficult

parameter to estimate as it depends on several fac-
tors including crystallography misorientation, mis-1005

fit strain, coherency, and solute segregation. Since
Cu and austenite both have a face-centered cu-
bic structure and the lattice parameter of pure Cu
(3.61 Å) is nearly identical to that of austenite, the
Cu-rich clusters are expected to be coherent. Bai et1010

al. calculated using Lifshitz, Slyozov, and Wagner
(LSW) theory the interfacial energy of Cu/γ-Fe as
0.086J/m2 and Cu/Fe-18Cr-9Ni-3Cu as 0.017J/m2

[59]. On the other hand, Hirata and Hirano ob-
tained a Cu/γ-Fe interfacial energy of 0.14J/m2

1015

[120]. And so, instead of a fixed value, the cur-
rent analysis uses interfacial energies ranging from
0.05J/m2 to 0.15 J/m2 for the Cu-rich clusters. Al-
though G-phase also has a fcc structure, it has a
significantly larger lattice parameter (11.1 Å) com-1020

pared to austenite. Given this severe misfit, the
interface between austenite and fully mature G-
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Table 5: Input values used to calculate effective capillary radius under irradiation

Variable Description Value

cp concentration of solute in cluster
0.150 (Cu)
0.315 (Ni)

q ratio of recoils to displacements 40

φ NRT damage rate
9.4× 10−6 dpa/s (neutron)
1.0× 10−3 dpa/s (ion)

λ mean recoil distance 0.85a0

σ interfacial energy
0.05 – 0.15J/m2 (Cu)
0.2 – 0.5 J/m2 (Ni)

Vm molar volume of atoms in precipitate
7.09× 10−6m3/mol (Cu)
7.20× 10−6m3/mol (Ni)

C∞

solute concentration at the surface
of a precipitate with infinite radius

10(3.186−3083/T )

100
(Cu) [75]

0.1 (Ni)

phase is expected to be incoherent. However, dur-
ing nucleation before a cluster undergoes structural
transformation, the interface may initially be co-1025

herent or semi-coherent. An interfacial energy of
0.2 J/m2 is the upper bound expected for coherent
interfaces, while an interfacial energy of 0.5 J/m2 is
the lower bound expected for incoherent interfaces
[121]. Thus, an interfacial energy range of 0.2 J/m2

1030

to 0.5 J/m2 was used in the current analysis for Ni-
Si-Mn-rich clusters to reflect possible variation in
coherency over the course of irradiation.
Cluster stability was evaluated with the modi-

fied Heinig model for both neutron and ion dam-1035

age rates, assuming initial clustering based on the
5.4 dpa BOR-60 experimental data. At this start-
ing condition, the Cu- and Ni-Si-Mn-rich clusters
contained ∼ 15 at.% Cu and ∼ 31.5 at.% Ni, re-
spectively. Also, since the Ni-Si-Mn-rich clusters1040

are radiation induced, and negligible depletion of
Ni near the cluster interfaces was measured with
proximity histograms, C∞ for these clusters was as-
sumed to be equal to the bulk Ni concentration (≈
10 at.%). The values used to calculate rirrcap with1045

equations 2 and 3 are summarized in Table 5. Re-
sults as a function of irradiation temperature are
plotted in Fig. 20. In general, rirrcap increases mono-
tonically with temperature, and increasing damage
rate causes the behavior to shift to higher temper-1050

atures. For the Cu-rich clusters, rirrcap becomes pos-
itive at temperatures > 283 – 313 °C for a damage
rate of 9.4× 10−7 dpa/s. This is consistent with the
continued development of Cu-rich clusters observed
during neutron irradiations at 318 °C when dose in-1055

creased from 5.4 to 47.5 dpa. On the other hand,
for a damage rate of 1× 10−3 dpa/s, rirrcap becomes
positive for the Cu-rich clusters at temperatures >

390 – 434 °C. Since in our experiments the Cu-rich
clusters dissolved during ion irradiations at 380 –1060

420 °C, it is likely that the true interfacial energy
for the clusters at 5.4 dpa in this alloy is closer to
0.05J/m2 than to 0.15 J/m2. Further, λ is seem-
ingly greater than the critical relocation distance,
Rc, of this material given that no inverse coarsen-1065

ing was observed. However, there is also the remote
possibility that inverse coarsening during ion irra-
diations caused the Cu-rich clusters to shrink below
our APT cluster detection limit (∼ 0.3 nm radius).
For the Ni-Si-Mn-rich clusters, rirrcap is positive1070

at temperatures > 235 – 258 °C for a damage
rate of 9.4× 10−7 dpa/s. This agrees with our
318 °C neutron irradiation results, where nucle-
ation and growth of the Ni-Si-Mn-rich clusters was
seen from 5.4 to 47.5 dpa. For a damage rate of1075

1× 10−3 dpa/s, rirrcap is positive for temperatures >
339 – 374 °C. The negligible growth of the Ni-Si-
Mn-rich clusters after ion irradiation at 380 °C is
consistent with rirrcap ≈ 0. At higher ion irradiation
temperatures (400 and 420 °C), the Ni-Si-Mn-rich1080

clusters readily nucleate and coarsen, which is con-
gruent with the modeling that shows rirrcap is pos-
itive. It is worth noting given our assumption for
C∞ that if the Ni solubility limit is halved, the tem-
perature ranges where rirrcap > 0 shift ∼ 20 and 301085

degrees higher for the neutron and ion irradiation
damage rates, respectively.
Overall, the critical temperatures for cluster sta-

bility from the modified Heinig model agree well
with our experimental data. Based on equations 21090

and 3 and the modifications we introduced, rirrcap is
positive when:

4rcapD
irrC∞

cp
> 5qφλ3 (6)
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Figure 20: Effective capillary radius for (a) Cu in Cu-rich clusters and (b) for Ni in Ni-Si-Mn-rich clusters under irradiation as
a function of temperature, calculated using the modified Heinig model.

The right-hand side of equation 6 captures the
effect of radiation mixing, while the left-hand side
describes a cluster’s ability to reform after ballistic1095

attack. We have assumed that the ratio of recoils
to displacements (q), mean recoil distance (λ), and
NRT damage rate (φ) for the neutron and ion ir-
radiations are the same for both Cu-rich and Ni-
Si-Mn rich clusters. This suggests that the differ-1100

ence in cluster stability observed during accelerated
damage rate irradiation for the two cluster species
is due to solute RED (Dirr), interfacial energy (σ),
molar volume (Vm), solubility (C∞), and/or cluster
chemistry (cp). While RED influences the kinetics1105

of solute recovery after ballistic ejection, interfa-
cial energy, molar volume, solubility, and cluster
chemistry all shape the solute concentration gra-
dient near the cluster interface, and therefore, the
thermodynamic force driving the restoring solute1110

flux. Because Dirr
Cu is greater than Dirr

Ni , Cu ejected
from Cu-rich clusters should be able to diffuse back
faster than Ni ejected from Ni-Si-Mn-rich clusters.
If RED alone was responsible for cluster stabil-
ity, the Cu-rich clusters would in principle be more1115

stable than the Ni-Si-Mn-rich ones. However, our
experimental results indicate otherwise, and so it

appears that the concentration gradient near the
cluster interface is instrumental to solute recovery.
Since the parameters of interfacial energy, molar1120

volume, thermal equilibrium solubility, and cluster
chemistry are independent of irradiation, this in-
dicates different cluster species may have innately
different susceptibilities to ballistic dissolution.
It should be noted that in explaining cluster evo-1125

lution with the Heinig model, we did not consider
any flux coupling between point defects (vacancies
and interstitials) and solute atoms. In general, so-
lute-point defect flux couplings are significant for
precipitates that are radiation-induced, but may1130

be negligible for precipitates that are radiation-en-
hanced. In the fcc Fe-Cr-Ni system, Ni-Si enrich-
ment at dislocations, discussed previously, provides
evidence of solute-point defect flux coupling. Si is
known to have a positive flux coupling, since it1135

binds and migrates with self interstitial atoms [95].
By contrast, Fe, Cr, and Ni likely have a nega-
tive flux coupling with vacancies as they migrate
via the inverse Kirkendall mechanism [94]. These
solute-point defect flux couplings may help stabi-1140

lize the Ni-Si-Mn-rich clusters because they provide
an additional pathway for constituent elements to
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be replenished after ballistic ejection. On the other
hand, no RIS of Cu was detected on microstructural
defects (dislocations, grain boundaries, etc.). It is1145

therefore likely that Cu does not couple strongly
with either point defect flux in the fcc Fe-Cr-Ni
system. Consequentially, no supplemental source
of solute may aid the Cu-rich clusters under ballis-
tic attack.1150

Besides neglecting solute-point defect flux cou-
plings, it is also important to recognize that the
Heinig model is limited in the sense that it only
provides insight into whether an existing precipi-
tate is likely to grow or shrink when exposed to a1155

given irradiation condition. Note that cluster ra-
dius and number density do not appear in equa-
tions 2 and 3, and therefore steady state precipitate
microstructures cannot be predicted. The Heinig
model also does not address chemical or structural1160

stability and nucleation. As a result, the Heinig
model cannot explain the discrepancies we observed
between the Ni-Si-Mn-rich clusters after 42 dpa ion
irradiation and 47.5 dpa neutron irradiation. Af-
ter ion irradiation at 380 °C, the composition of the1165

clusters was significantly different from the neutron
case, even though average radius and number den-
sity were alike. By contrast, after ion irradiation
at 400 and 420 °C, the composition of the clusters
was similar to the neutron case while average radius1170

and number density were higher and lower, respec-
tively. To rationalize these results, other models
are needed. In some cases, further model develop-
ment is also required, for example, to understand
the effect of irradiation damage rate on precipitate1175

nucleation. The limited scope of the Heinig model
undoubtedly highlights that a single, comprehen-
sive model covering all aspects of irradiation phase
stability remains elusive.

5. Conclusions1180

In this study, APT was used to characterize so-
lute nanoclusters in a 304L austenitic stainless steel
that was irradiated by fast neutrons (E > 0.1 MeV)
in the BOR-60 reactor at 318 °C and subsequently
by self-ion irradiations. Starting with neutron irra-1185

diated 5.4 dpa samples, ion irradiations were per-
formed at 380, 400, and 420 °C. For 380 °C irradia-
tions, added ion doses were 4.7 and 42 dpa to reach
total neutron plus ion doses of 10.1 and 47.4 dpa.
For 400 and 420 °C irradiations, 42 dpa ion dose1190

was added to reach a total neutron plus ion dose of
47.4 dpa.

The distinct Cu- and Ni-Si-Mn-rich nanocluster
populations that formed during BOR-60 neutron
irradiation and then were modified by ion irradia-1195

tion, exemplify the complex manner in which dam-
age rate influences phase stability. The formation
of Cu-rich nanoclusters was enhanced by neutron
irradiation. However, after ion irradiation at tem-
peratures between 380 – 420 °C, the Cu-rich clusters1200

were ballistically dissolved. On the other hand, Ni-
Si-Mn-rich nanoclusters were less affected by bal-
listic dissolution. By the highest neutron dose of
47.5 dpa, Ni-Si-Mn-rich clusters coarsened into G-
phase precipitates. When 42 dpa was added by ion1205

irradiation at 380 °C to the 5.4 dpa neutron irra-
diated sample, the Ni-Si-Mn-rich clusters remained
stable, but showed no signs of further evolution. For
ion irradiations at 400 and 420 °C, the Ni-Si-Mn-
rich clusters matured into a low density of large G-1210

phase precipitates with no significant ballistic disso-
lution. Even though the chemistry of the Ni-Si-Mn-
rich clusters after ion irradiation at 400 and 420 °C
was close to the neutron irradiation case, cluster
sizes were larger and number densities were lower,1215

which illustrates the stark differences between the
evolution of solute nanoclusters during high and low
dose rate particle bombardment. In nuclear materi-
als, emulating cluster or precipitate microstructures
formed during neutron irradiation with accelerated1220

damage rate ion irradiation remains a significant
challenge. In this case, even with the Cu- and Ni-
Si-Mn-rich nanoclusters partially nucleated by neu-
tron irradiation, high damage rate ion irradiation
clearly altered the later stages of development.1225

The experimental results for both Cu- and Ni-Si-
Mn-rich clusters were consistent with predictions
by the modified Heinig model regarding the critical
temperature range and damage rates for Ostwald
ripening or ballistic dissolution/inverse coarsening.1230

For ion beam fabrication of nanocomposites, iden-
tifying critical temperatures and damage rates can
facilitate the selection of optimal processing con-
ditions. Our results demonstrate that the Heinig
model, which includes the mechanisms of RED and1235

ballistic dissolution, can be used to qualitatively
map precipitate stability under irradiation. Ana-
lyzing the experimental and modeling results to-
gether revealed that solute concentration gradient
near the cluster interface plays an important role in1240

phase stability and explains the contrasting behav-
ior of the Cu- and Ni-Si-Mn-rich clusters under high
damage rate irradiation. Since the parameters that
influence this concentration gradient (interfacial en-
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ergy, molar volume, thermal equilibrium solubility,1245

and cluster chemistry) are independent of irradia-
tion, different nanocluster species can have differ-
ent characteristic susceptibility to ballistic dissolu-
tion under the same energetic particle bombard-
ment conditions. This insight into radiation phase1250

stability underscores that for the design and pro-
duction of nanostructured materials, it is necessary
to evaluate the thermodynamic driving force stabi-
lizing each individual nanoprecipitate, nanodisper-
soid, or solute nanocluster species.1255
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