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Abstract

The stability of the face-centred cubic austenite (γ-Fe) phase in a commercial stainless steel (AISI-
348) was investigated through in situ transmission electron microscopy (TEM) with heavy ion irra-
diation at 1073 K up to a fluence of 1.3×1017 ions·cm−2 (corresponding to a dose of 46 dpa). The
γ-Fe phase was observed to decompose at a fluence of around 7.8×1015 ions·cm−2 (3 dpa) when
a new phase nucleated and grew upon increasing irradiation dose. Scanning transmission electron
microscopy (STEM) with energy dispersive X-ray (EDX) spectroscopy and multivariate statistical
analysis (MVSA) were used to characterise the irradiated specimens. The combination of such ex-
perimental techniques with calculated equilibrium phase diagrams using the CALPHAD method led
to the conclusion that the new phase formed upon irradiation is the body-centred cubic Cr-rich α′

phase. At the nanoscale, precipitation of M23C6 (τ-carbide) was also observed. The results indicate
that ion irradiation can assist the austenitic stainless steel to reach a non-equilibrium state similar to a
calculated equilibrium state observed at lower temperatures in which, under conventional conditions,
is suppressed due to kinetic restrictions.

Keywords: Austenitic Stainless Steels, Radiation Damage, Radiation Induced Segregation, In situ
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1. Introduction

The reliability of nuclear power systems depends on the performance of structural materials whose
degradation and failure may be caused by several aspects of the harmful environment within a nu-
clear reactor [1–3]. In particular, nuclear fuel-cladding systems are subjected to high neutron fluxes
with a broad energy spectrum. The resulting displacement of lattice atoms may induce permanent
microstructural defects under in-service conditions giving rise to a modified material with degraded
mechanical properties [3, 4].

During the last century, improved fundamental understanding of irradiation-induced damage in a
wide variety of materials has led to the development of conventional nuclear materials such as Zr- and
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Ni-based alloys, and several types of stainless steels [3, 5, 6]. On the latter, austenitic stainless steels
were used as nuclear fuel cladding alloys at the beginning of the light-water reactors technology in
the 1960s [7] and have been also considered for structural components in innovative nuclear fusion
test reactors due to their remarkable track-record of successful applications in extreme environments
[8–10]. The 300 series steels (Fe-Cr-Ni alloy) possess excellent corrosion and mechanical properties
for applications at high temperatures which makes them viable to be applied in aeroengine parts,
turbochargers, oil and gas pipelines [11–24] and as structural components in nuclear reactors [7, 8,
19]. In order to improve the stabilisation of the γ-Fe phase at room temperature, either interstitials
elements such as C and N or substitutional such as Mn, Co, Ti, Nb, V, W, Cu and Al are used which
also impact the microstructure and mechanical properties [12, 14, 19, 25].

Despite their favourable properties which include good corrosion resistance at high temperatures
and lower cost as compared with Zr-based alloys, the thermodynamic stability of the austenite phase
is still a subject of intense research [13–16] in particular, the response and microstructural evolution
of the austenite phase in environments where energetic displacive irradiation is a concern [26]. The
exposure to displacive irradiation generates a series of undesired effects such as radiation-induced
precipitation (RIP) and segregation (RIS) [19, 26–28]. These effects combined are reported to induce
the decomposition of the γ-Fe phase into a non-equilibrium thermodynamic state with considerable
loss of structural integrity during nuclear reactor operation [19, 26–28].

Within the wide range of different steels grades in the 300 series, the AISI 304, 316 and 347 were
extensively investigated due to their relevance for the nuclear technology applications, as reviewed by
Lucas [8]. Several works have been aimed at investigating the occurrence of RIS and RIP as an effect
of particle irradiation in such steels. In 1960s, Arkell et al. were pioneers in detecting the effects
of neutron irradiation at 1073 K in the ternary alloy Fe-20Cr-25Ni (%wt.) stabilized with minor Nb
additions. Post-irradiation analysis of electropolished thin-foils in a TEM revealed the secondary
phases precipitation in the matrix and along the grain boundaries. Although such secondary phases
(or precipitates) were not identified by the authors, their formation contributed to reduce the ductility
of steel as assessed via tensile tests [29].

Additional studies on the RIS and RIP phenomena were carried out by Anthony [30] in early
1970s. He investigated the effects of particle irradiation in metals concluding that segregation was
caused by supersaturated vacancy flux into irradiation-induced voids. The solute-enrichment effect
was believed to occur by means of vacancy-solute binding effects. The author also estimated that
Cr, Mo and Si diffuse faster than Fe. Diffusion of Ni was suppressed. Okamoto et al. [31, 32]
experimentally observed solute enrichment at sinks in several binary and ternary alloys due to the
binding effect with vacancies, as proposed by Anthony [30]. The authors also reported on strain
effects at voids that lead to RIP in steels. Sethi et al. [33] measured the elemental composition profiles
of the irradiated AISI 316 and showed that while Ni and Si enriches the surface of the sample, Cr and
Mo were depleted.

Later, Okamoto and co-workers [34] investigated the effects of electron irradiation and ion bom-
bardment in the Fe-18Cr-8Ni-1Si (%wt.) austenitic steel. They observed that strain fields around
voids changed the precipitation kinetics. By means of using analytical electron microscopy (AEM),
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the authors also found Si- and Ni-rich areas at sinks, which was considered a direct observation of the
RIS phenomenon. Maziasz identified the formation of Ni3Si, the G phase and several phosphides in
the AISI 316 stainless steel under neutron irradiation from 5 to 125 dpa within the range from 573 to
973 K [35]. In another similar study with the AISI 316 steel [36], the same author concluded that the
He/dpa ratio plays a major role in suppressing RIS by means of reducing the radiation-induced phase
formation as He bubbles, that are formed after transmutation reactions (mainly due to Ni decay). The
bubbles can act as sinks for vacancies during irradiation. Allen et al. [37] analysed the influence of
Ni addition in the system Fe-16-18Cr-xNi (%wt) under 3.2 MeV proton irradiation up to 1 dpa at
673 K. The authors showed that upon increasing Ni concentration, a significant reduction in swelling
with a subsequent increase in segregation was observed. Additionally, minor additions of Mo and
P eliminated swelling and reduced RIS considerably. It was suggested that the generation of point
defects in excess levels as a result of the irradiation, enhances thermal precipitation by several orders
of magnitude: this shows an intrinsic connection between the thermodynamics of alloy systems with
the RIS phenomenon.

Recently, Jiao et al. [38] observed the formation of Ni-, Si- and Cu-rich areas as a direct result of
RIS promoted by 2 MeV protons up to 2 dpa at 633 K. The authors also detected elemental segregation
at grain boundaries. The analysis was performed by using Atom Probe Tomography. In a recent ion
irradiation study with 120 keV Ar at 823 K, Jin et al. [39] reported on the RIP of M23C6 preferentially
at dislocation loops in a austenitic steel with Fe-24.8Cr-19.7Ni-0.4Nb-0.4Mn (%wt.) composition and
minor additions of Si, N, C, P and S. The nucleation and growth of M23C6 precipitates in the AISI-348
was also reported to occur under heavy ion irradiation with in situ TEM in another recent study [40].
Shim et al. [27] reported that calculations based on classical nucleation theory and the thermodynamic
extremum principle indicated that the γ′ and the G are the dominant irradiation-induced phases in a
Ti-stabilised AISI 316 steel. These authors also concluded that the G phase is relatively dominant
over the γ′ [27].

In summary, different phases and precipitates were observed in the decomposition of irradiation-
damaged austenitic stainless steel either due to a synnergistic effect of thermal annealing and either
neutron, electron or ion irradiation [8, 26, 41–46]. In austenitic stainless steels, both RIS and RIP
(either neutron- or ion-induced) often occur in the temperature range from 573 to 1100 K with doses
varying from 2 dpa to 40 dpa. From a microstructural perspective, the distinction between thermal
annealing, RIS and RIP in austenitic stainless steels was a subject of intense debate in the history of
nuclear materials development. In general, theoretical developments and experiments have indicated
so far that due to the introduction of point defects at supersaturated levels, the irradiation enhances
atomic mobility and diffusion. As a consequence, segregation of alloying elements, nucleation and
growth of new phases and precipitation will occur faster when compared with thermal processes. Ad-
ditionally, it has been reported that the phases formed due to irradiation often differ from equilibrium
phases with respect to their elemental compositions [26].

In the present work, a commercial austenitic stainless steel, the AISI-348, was irradiated with
30 keV Xe ions in situ within a TEM at 1073 K up to a fluence of 1.3×1017 ions·cm−2 which cor-
responds to 46 dpa. Ion irradiation with heavy inert gases has been used to assess the radiation
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resistance of multicomponent Fe-based alloys as it promotes substantial displacement damage per ion
collision [47]. According to Garner et al. [48], the radiation data on AISI-348 is still scarce and, in
some cases, not available in the scientific literature. Although there is substantial neutron and ion
irradiation data for AISI 316 [48] which is a very similar steel to the AISI-348, the majority of the
available data is on lower neutron exposure levels [49–51]. We report on the in situ TEM observa-
tion of a radiation-induced phase transformation (induced by ion irradiation) in the AISI-348 steel.
Post-irradiation characterisation using a combination of different techniques such as TEM, scanning
transmission electron microscopy (STEM), energy dispersive X-ray spectroscopy (EDX) and mul-
tivariate statistical analysis (MVSA) from the obtained EDX spectra, led to the conclusion that the
initial γ-Fe phase decomposed into the Cr-rich α′ phase. The results are discussed within the current
theoretical models on RIP and elemental segregation as well as with previous similar works in Fe-Cr
[52–56] and Fe-Cr-Al [57–59] alloys. Therefore, the results herein presented are also compared with
the equilibrium phase diagrams calculated using the CALPHAD method.

2. Materials and Methods

2.1. The studied alloy and sample preparation

According to the American Iron and Steel Institute (AISI), the austenitic stainless steel 348 is an Fe-
based alloy of 19Cr-11Ni-2Mn (wt.%) and it is fully austenitic at room and high temperatures [60].
The austenitic microstructure, however, corresponds to a metastable state which is inherited from the
processing (hot rolling) and by the relatively large cooling rates which follow it. The AISI-348 steel
belongs to the 300 series of steels and it is comparable to the widely used AISI 316. The differences
lie in the presence of the elements Nb and Ta in minor concentrations, that are added into the AISI-
348 to remove C from solid solution which prevents sensitization by means of avoiding the formation
of M23C6 carbides preferentially at the grain boundaries [11, 61, 62].

Table 1: The elemental composition of the austenitic stainless steel AISI-348 measured by ICP-OES (the error is ±1% for
each value).

Element Composition [wt.%]
C 0.037
S <0.001
P 0.002
Ni 9.47
Si 0.36

Mn 1.81
Cr 17.50
Co <0.001
B <0.008
Ta 0.003
Nb 0.32
Fe Balance

The chemical analysis on the AISI-348 bulk samples used in this work was performed by the
inductively coupled plasma-optical emission spectrometry (ICP-OES) and the results are shown in
table 1.
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Figure 1: Electron microscopy characterisation of the AISI-348 steel after electropolishing and prior irradiation: (a)
an electron-backscattered diffraction (EBSD) band contrast micrograph showing the equiaxed-grain microstructure of the
steel, (b) an inverse pole figure along the z-axis and (c) a BFTEM micrograph showing γ-Fe matrix with a NbC precipitate.
The inset in (c) represents an indexed diffraction pattern from the austenite matrix prior to irradiation. Note: the scale bar
in (a) also applies in (b).

Disks 3 mm in diameter and thicknesses of around 150-200 µm were punched from the bulk alloy
and mechanically polished using SiC paper up to a grit of 1200. The 3 mm disks were accurately
mechanically polished using a tripod polishing stage from PELCO R© (model 590TEM) with a set of
diamond lapping discs (grit-sizes from 9 to 1 µm). The samples were then electropolished with a
Struers TenuPol-5, using an electrolyte consisting of a solution of 90% perchloric acid (HClO4) and
10% (vol.%) of methanol (CH3OH). The electrolyte temperature was maintained at 233 K. The flow
rate was set to 30 arbitrary units as indicated in the TenuPol-5 display. Electropolishing was carried
out until perforation and samples were sequentially washed several times in pure methanol and then
dried in air.

A microstructural characterisation of the AISI-348 steel after the electropolishing and before irra-
diation is shown in figure 1. The electron-backscattered diffraction (EBSD) band contrast micrograph
and its inverse pole figure – figures 1(a) and 1(b) – exhibit the equiaxed-grain microstructure of the
AISI-348 steel. Bright-Field TEM (BFTEM) micrograph in figure 1(c) shows the presence of NbC
precipitates within the microstructure, which is expected as a result of the intentional Nb addition
into the alloy. The inset in figure 1(c) is an indexed diffraction pattern from the austenite matrix prior
irradiation. In this work, the diffraction patterns were indexed using the CrystalMaker software with
data available in the literature for γ-Fe [63] and ferrite (α/δ-Fe) [64].

2.2. In situ TEM ion irradiation at the MIAMI facilities

Specimens were irradiated with 30 keV Xe ions in situ within a TEM at 1073 K (0.56Tm, where Tm

is the estimated melting temperature of the alloy) using a double-tilt heating holder in both MIAMI-1
and -2 facilities at the University of Huddersfield: detailed description of both systems can be found
elsewhere [65, 66]. The ion flux was 4.2×1013 ions·cm−2·s−1 measured at the specimen position.
Images and videos were captured using a JEOL JEM-2000FX TEM operating at 200 kV equipped
with a Gatan ORIUS SC200 digital camera (MIAMI-1) and in a Hitachi H-9500 TEM operating at
300 kV equipped with a Gatan OneView digital camera (MIAMI-2).
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SRIM (Stopping and Range of Ions in Matter) was used to calculate the damage profile and
convert fluence-to-dpa following a procedure suggested by Stoller et al. [67]. Under such irradiation
conditions, SRIM predicts 355 vacancies per ion collision, on average, and the implantation peak
is estimated to be located at around 10 nm. The sample was irradiated up to 1.3×1017 ions·cm−2

which corresponds to 46 dpa. BFTEM and selected-area electron diffraction (SAED) were used after
irradiation to index the studied phases.

2.3. Post-irradiation characterisation

Post-irradiated samples were analysed in the Low-Activation Materials Development and Analysis at
the Oak Ridge National Laboratory and at the Montanuniversität Leoben in both cases using a FEI
Talos F200X S/TEM operating a field-emission gun at 200 kV. EDX was used to collect elemental
maps of the irradiated alloy with the STEM. MVSA technique was carried out from the obtained EDX
maps in order to identify and differentiate the elements present in the studied phases [45, 68, 69].

2.4. Thermodynamic calculations

A set of thermodynamic calculations with the software Thermo-calc R© (TC) was performed using the
SGTE1 Solid Solution 2.0 database (SSOL2). As discussed in a previous work by one of the authors
[70], this is an old database, but it still can be considered reliable for the application to stainless
steels. In order to perform the calculations, the system was approximated by a subset of this database
corresponding to system Fe – C – Cr – Ni – Mn – Si – Nb and the A1 FCC, A2 BCC, LIQUID, M23C6

and SIGMA phases. Both A1 FCC and A2 BCC were described by two sub-sets. In the case of A1 -
FCC the first sub-set contains a highly defective interstitial sublattice, corresponding to γ-Fe, and the
second subset contains an interstitial sublattice fully occupied by C, corresponding to the NbC-like
carbide. In the case of A2 BCC the first sub-set contains a majority of iron (corresponding to ferrite),
and the second sub-set contains a majority of Cr, corresponding to α′ phase. The composition of the
steel (as previously reported) was used as input in these calculations. Phase molar fractions (np(∗))
and the composition of γ-Fe and of α′ were plotted against temperature. For the compositions, it
must be noted that the CALPHAD method works with virtual phases [71], therefore a solution is
calculated even when the phase is not stable (this is particularly critical for α′, which is stable only at
low temperatures). All calculations were performed at pressure P = 101325 Pa (1 atm) and with the
whole system containing one mol of atoms. Similar calculations were carried out within the software
FactSage [72] using the FSstel database and the results from Thermo-calc were fully reproduced.
Such calculations with FactSage were not included in this paper for clarification, but can be found in
the Mendeley dataset (section 6) associated with this paper.

3. Results

The figure 2 shows a set of low magnification BFTEM micrographs tracking the evolution of the
γ-Fe phase during the in situ TEM heavy ion irradiation. The γ-Fe phase started to decompose at

1SGTE represents the Scientific Group Thermodata Europe, a consortium of laboratories in Europe and Canada which
is responsible for publishing and keeping standard thermodynamic databases for public use.
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a fluence of around 7.8×1015 ions·cm−2 (3 dpa) where a new phase starts to nucleate in the form of
small embryos with brighter contrast when compared with the γ-Fe matrix.

Figure 2: The evolution of the γ-Fe phase during the 30 keV Xe irradiation experiment. The BFTEM micrograph (a)
shows the γ-Fe before the irradiation and after 20 minutes of annealing at T = 1073 K; micrographs from (b) to (d) exhibit
the same area, but at different dose levels. Note: the scale bar in (a) applies to all micrographs in the figure.

Upon increasing the irradiation dose, the radiation-induced phase grew from nanoscale to mi-
croscale and its final average size was between 1 to 2 µm as shown in the BFTEM micrograph 2(d)
after 2.8×1016 ions·cm−2 (10 dpa) and no significant growth was observed at higher doses as can be
seen in the BFTEM micrograph 3(a) after 1.3×1017 ions·cm−2 (46 dpa) of irradiation. At the end
of the irradiation experiments, a recurrent post-irradiation observation with low-magnification TEM
indicated that the damaged samples developed cracks which appear to be intergranular as shown in
figure 3(a).

At higher magnifications, Xe bubbles and nano-precipitates were observed in both the matrix and
the radiation-induced phase as shown in the BFTEM underfocused micrograph in figure 3(b). The
crystallographic identification of this radiation-induced phase was carried out using the SAED pattern
in the figure 3(c), obtained from the area shown in the inset in figure 3(b). The new phase is of BCC
crystal structure as confirmed by the CrystalMaker model from data available in literature [64] and
showed in figure 3(d). Additionally, the satellite spots observable in the diffraction pattern in figure
3(c) were indexed with data available in the literature for M23C6 precipitates [73].

The low magnification STEM-EDX mapping is presented in figure 4. The new phase is pref-
erentially formed transgranular within the γ-Fe equiaxed grains. The Cr, Ni and Mn maps show
that this radiation-induced phase is Cr- and Mn-rich with some Ni, although highly depleted in Fe.
Additionally, Si and Xe tend to migrate into regions where pre-existing NbC particles are observed.

Aiming at further analysing the obtained results from STEM-EDX, the MVSA technique was
used. This technique provides accurate identification of multiple phases through segmentation of the
high-angle annular dark-field (HAADF) signal, preserving the qualitative EDX elemental information
[68]. The use of the MVSA technique in this work resulted in the generation of spectral images along
with STEM-EDX spectra for each identified phase. The MVSA results shown in figure 5 correspond
to the EDX maps presented in figure 4. The γ-Fe phase depleted in Cr was identified as represented
by the spectral image in 5(a) and its respective EDX spectrum in figure 5(a1). The spectral image and
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Figure 3: Crystallographic characterisation of the new phase formed during heavy ion irradiation: (a) low magnification
BFTEM micrograph showing the γ-Fe and the new phases after irradiation to 1.3×1017 ions·cm−2 (46 dpa) and (b) high
magnification BFTEM micrograph showing the new phase in detail including nano-precipitates and Xe bubbles. The
diffraction pattern in (c) corresponds to the selected-area micrograph presented as an inset in figure (b) where the red
circles are the diffraction spots from the matrix and the green arrows are the diffraction spots from the M23C6 precipitates.
The image (d) shows a simulated (with CrystalMaker) diffraction pattern for the FeCr (BCC) phase from reference [64]
which was used to index the DP in (c). Note: micrograph (b) is underfocused (1000 nm).

its EDX spectrum shown in figures 5(b) and 5(b1) correspond to the identification of the radiation-
induced Cr-rich α′ phase. Pre-existing NbC particles were also identified in the MVSA analysis as
shown in figures 5(c) and 5(c1).

A second STEM-EDX mapping experiment in the surroundings of NbC particles was performed
and the results are shown in figure 6. These results demonstrate that the formation of the Cr-rich
α′ phase is also prone to occur at grain boundaries between the γ-Fe and the NbC particles. The
EDX maps in figure figure 6 exhibit the same segregation of Ni, Mn, Si and C at grain boundaries.
In the regions to the NbC, it is noticeable that Xe enriches both grain boundaries and carbides. The
qualitative results from the second MVSA analysis shown in the set of images in figure 7 are in good
agreement with similar MVSA results presented in figure 5.

STEM-EDX screening at higher magnifications has shown that the radiation-induced formation
of M23C6 nano-precipitates is prone to occur in regions closer to the pre-existing NbC particles as
exhibited in figure 8. These nano-precipitates were found to be highly enriched in Cr and Mn, but not
highly depleted in Fe as in the case of the Cr-rich α′ phase. The C signal is also (slightly) stronger in
the areas where the M23C6 are found.

The outputs of the thermodynamic calculation are presented in figure 9. Figure 9(a) shows phase
molar fractions diagrams as a function of temperature. The α′ phase is stable up to around 700 K,
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Figure 4: Low magnification STEM-EDX maps obtained from the AISI-348 steel irradiated up to 1.3×1017 ions·cm−2

(46 dpa) at 1073 K with 30 keV Xe ions. The Cr-rich α′ phase nucleated and grew within the γ-Fe grains and along grain
boundaries. Note: the scale bar in the HAADF micrograph applies to all images in the figure.

Figure 5: MVSA analysis corresponding to the STEM-EDX maps from figure 4. The spectral images and their corre-
spondent EDX spectra are shown in: (a) and (a1) the γ-Fe phase depleted in Cr; (b) and (b1) the α′ phase; and (c) and
(c1) the pre-existing NbC. Note: the scale marker in (a) also applies to (b-c).

9



Figure 6: Low magnification STEM-EDX maps obtained from the AISI-348 steel irradiated up to 1.3×1017 ions·cm−2

(46 dpa) at 1073 K with 30 keV Xe ions showing that the regions around pre-existing (long) NbC are also sites for the α′

phase nucleation and growth. Note: the scale bar in the HAADF micrograph applies to all images in the figure.

Figure 7: MVSA analysis corresponding to the STEM-EDX maps from figure 6. The spectral images and their corre-
spondent EDX spectra are shown in: (a) and (a1) the γ-Fe phase depleted in Cr; (b) and (b1) the α′ phase; (c) and (c1)
the pre-existing NbC. Note: the scale marker in (a) also applies to (b-c).
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Figure 8: High-magnification STEM-EDX maps obtained from the AISI-348 steel irradiated up to 1.3×1017 ions·cm−2

(46 dpa) at 1073 K with 30 keV Xe ions revealing the presence of M23C6 nano-precipitates around a pre-existing NbC.
Note: the scale bar in the HAADF micrograph applies to all images in the figure.

Figure 9: Equilibrium phase diagrams for the AISI-348 calculated with Thermo-Calc. The diagram (a) shows the molar
fraction of phases present within the temperature range from 500 to 2000 K and (b) is a zoomed-region from the bottom
part of the diagram (a), showing the Nb(C,N) and M23C6 precipitates as minor phases. The elemental composition of the
γ-Fe and the Cr-rich α’ phases are exhibited in (c) and (d) respectively.
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where it is found in equilibrium with γ-Fe and α-Fe, as well as other minority phases. This is better
appreciated when the scale is enlarged as shown in figure 9(b). It is observed that NbC and M23C6

are predicted as stable phases in the range between 700 to 850 K. The compositions of the γ-Fe and
of the α′-Cr are exhibited in the figures 9(c) and 9(d), respectively. In the figure 9(b), and in the
corresponding enlarged scale detail from 9(d) it is possible to observe the depletion of Cr in γ-Fe and
the depletion of Fe in α′-Cr as the temperature is decreased. The composition of the γ-Fe, figure 9(c),
becomes significantly enriched in Ni at low temperatures

4. Discussion

4.1. The decomposition of the γ-Fe and the formation of the Cr-rich α’ under in situ TEM heavy ion

irradiation

It is well-known that the diffusion of solute atoms in a multicomponent alloy [74], such as a stainless
steel, occurs by the exchange of atoms with point defects. During irradiation, excess of Frenkel pairs
(i.e. vacancies and interstitials), as introduced by the displacive collision, increases the diffusion rate
in metals and may also open new pathways which are not available when only thermal diffusion takes
place [75–78]. Although the concentration of defects is strongly reduced at higher temperatures due
to their recombination, the heavy ion irradiation generates a large number of point defects per ion
collision that reaches supersaturated levels.

In austenitic stainless steels, thermal treatments can promote the nucleation of new phases and
precipitation, either in equilibrium or not, due to thermal solute segregation [11]. But the radiation-
induced segregation phenomenon observed in this present work differs from annealing with respect to
the population of generated point defects: RIS is a quasi-steady-state trade-off between solute diffu-
sion enhanced by the particle irradiation due to the generation of a surplus of point defects (i.e. greater
than thermal equilibrium) [28, 37]. The coupling between irradiation-enhanced solute diffusion and
radiation-induced lattice defects mechanisms have resulted, to date, in two principal physical effects
behind the RIS phenomenon [79]: (i) interstitial-solute (I–S) dragging effects which causes migration
of alloying elements and enrichment at sinks and (ii) vacancy-inverse Kirkendall effect (V–IK) me-
diated by a vacancy flux (introduced by external forces) and that causes depletion of atomic species
by changing the interdiffusion coefficients [80]. RIS also differs from thermal annealing in respect to
the time-scale and composition of new phases and precipitates that may form under irradiation: it is
faster than annealing and formed phases may exhibit inhomogeneities in composition.

In this work, using in situ TEM with heavy ion irradiation at 1073 K, it is reported that the γ-Fe
phase started to decompose and form Cr-rich zones at a fluence of around 7.8×1015 ions·cm−2 (3 dpa).
Upon increasing the dose, more Cr-rich zones started to nucleate and grow and the AISI-348, initially
a single-phase alloy, exhibits a microstructure of two major phases. Post-irradiation characterisation
in a TEM indicates that the new phase is of BCC crystal structure, confirmed by SAED patterns
indexed with data available in the crystallography literature [64]. The STEM-EDX mapping and the
MVSA have also indicated that these zones are not pure Cr, but it also has Mn, Si and C as minor
elements which also agree with the calculated composition presented in 9(d).
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The enhanced diffusion and segregation of solute atoms as a direct consequence of the heavy ion
irradiation have allowed this BCC Cr-rich phase to form and grow within the γ-Fe matrix. By the
continuous introduction of vacancies and interstitials at high levels promoted by heavy ion collisions,
the formation of such new phases under irradiation is favoured due to lowering the Gibbs free energy
of the system by eliminating concentration gradients of solute atoms that are knocked-out from their
lattice positions. The nucleation of small embryos at around 3 dpa may be also related with the
occurrence of Xe bubbles within the microstructure that creates surfaces for heterogeneous nucleation
[36]. Additionally, the fast kinetics of formation of these Cr-rich zones observed in the present results
can be justified not only by the enhanced bulk diffusivity due to the excess vacancies produced by
irradiation, but also by the role of the free surfaces in electron-transparent samples which act both by
offering sites for heterogeneous nucleation of the new phase and by contributing to overall diffusion
via surface diffusion.

The incompatibility in the temperatures does not invalidate the observation of α′ phase in the irra-
diation experiments, as the calculations refer to an equilibrium state whilst the sample is evidently out
of equilibrium. In addition, the calculations are based on polynomial expansions of the free energies
of the phases, obtained by fitting to equilibrium properties at higher temperatures and/or in differ-
ent systems [71]. The results of the present calculations are, therefore, based on the extrapolation
of these functions beyond the composition, temperature and pressure ranges in which their param-
eters were fitted. In fact, it is surprising that the calculations reproduce qualitatively the irradiated
microstructures. This shows that instead of bringing the system to a metastable state, as usually as-
sumed, irradiation here is leading the system to decompose from a metastable state (γ-Fe phase) into
a state closer to the true equilibrium state at lower temperatures. Naturally, the full equilibrium is not
attained since energy is being continuously deposited in the system, and also the low temperature and
time involved are insufficient to allow complete redistribution of elements, but it is remarkable that
the equilibrium phases (α′ and M23C6) are obtained and that the phase compositions are consistent
with what is predicted from the calculations.

To understand the relevance of this observation, we may draw a parallel to another degradation
phenomenon in engineering: creep. The resistance a material offers to deform under the action of
stresses at high temperatures is significantly impaired if this material undergoes a phase transforma-
tion during the process [81]. Alloy design for high temperature therefore requires thermodynamically
stable microstructures. The observation of the irradiation damage in the present experiments could
be a manifestation of the same criterion. A thermodynamically more stable γ-Fe (for example, in-
creasing the alloy content of nickel or manganese) could provide a better irradiation resistance to the
material.

MVSA carried out from the low-magnification STEM-EDX mapping, presented in figure 5, re-
veals that the radiation-induced α′ has preferentially Cr, Mn, Si and C in solution, as evidenced in the
spectrum in figure 6(d), but the Fe and Ni maps in figure 4 confirm that it contains these elements, but
at reduced quantities. This fact is in agreement with the α′ composition estimated by the calculations
with Thermo-Calc, figure 9(d): the α′ is distinguishable from ferrite by the differences in Cr com-
position. Ferrite, which also possesses BCC structure, was not observed to form in the experimental
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conditions of this work.

4.2. The impact of the α′ formation in the steel and the role of Nb-stabilisation

Using a simplified disperse barrier hardening (DBH) model, Field et al. [82] indicated that the for-
mation of the Cr-rich BCC α′ in FeCrAl steels promotes hardening, although its contribution was
estimated to be one order of magnitude smaller than the hardening by dislocations. The hardening
effect of α′ in the so-called “750 K embrittlement” [83] is attributed to the fine microstructure ob-
tained by spinodal decomposition, this would be hardly reproduced in the present microstructures,
with coarser particles. Edmondson et al. [53] commented on the absence of studies in the effects of
the α′ formation in both FeCr and FeCrAl alloys. It is evident that the formation of a secondary phase
within the γ-Fe matrix has deleterious effects in the structural integrity of the steel. Whether this ef-
fect may compromise the applicability of the AISI-348 within the extremes of nuclear environments,
it is a subject to further investigations.

Furthermore, the STEM-EDX mapping has also revealed that the NbC is an active sink for C, Si
and Xe. In regions around the NbC nanoparticles, figures 6 and 7, the Cr-rich α’ is more depleted
in Ni and Fe than when the radiation-induced phase is formed far from the carbide sites. A slight Ni
uptake can be noticed at the NbC boundaries.

The addition of Nb into the AISI-348 is known to have three major effects in austenitic steels
[14, 84, 85]: (i) suppress the γ-Fe grain coarsening during annealing, (ii) avoid the γ-Fe phase re-
crystallisation prior to the α/γ transformation by means of strain induced precipitation of NbC and
(iii) precipitation hardening due to the formation of NbC. This work experimentally shows that the
presence of NbC in the γ-Fe matrix does not inhibit the formation of the Cr-rich α′ neither the M23C6

nano-precipitates under heavy ion irradiation, although it exhibits that the Fe and Ni contents are more
depleted within the α′ closer to the NbC when compared to the phases formed within the γ-Fe grains
without the Nb precipitates. In this way, it is confirmed that the addition of Nb for the stabilisation of
the AISI 348 was not sufficient to prevent precipitation under the irradiation conditions investigated in
this work. The possibility of locally enhancing the C content within the austenite phase by displacing
C atoms from the NbC nanoparticles as a result of the energetic particle collisions is also believed to
accelerate the kinetics of precipitation.

The results in this manuscript indicate that introduction of point defects in excess as a result of
atomic collisions with the austenitic stainless steel destabilises the γ-Fe matrix phase promoting nu-
cleation of secondary phases (α′ and τ-carbides) which are found in the calculated thermodynamic
equilibrium of the steel in opposition to previous reports which often indicate that the energetic parti-
cle irradiation induces a wide variety of microstructural and microchemical alterations resulting that
irradiation often produces an alloy that cannot be found in equilibrium diagrams [26]. In this way,
it was experimentally observed and characterised that the heavy ion irradiation – under the studied
conditions – promotes the nucleation of such phases as the α′ and τ-carbides, but somehow sup-
press the formation of possible non-equilibrium phases such as γ′ and the G phase already reported
to occur in similar alloys (i.e. AISI-316). Therefore, the physical phenomenon of radiation damage
in austenitic stainless steels encounters interesting analogies with several other mechanisms that can
induce degradation in materials such as creep.
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5. Conclusions

In the present work we report on the real-time decomposition of the γ-Fe phase into α′ (a Cr-rich BCC
phase) in a Nb-stabilised commercial austenitic stainless steel (AISI-348) with in situ TEM heavy ion
irradiation. The major outcomes of this work can be summarised as follows:

• The nucleation of the Cr-rich α′ phase started at around 7.8×1015 ions·cm−2 (3 dpa). Their
sizes were between 1 to 2 µm after 2.8×1016 ions·cm−2 (10 dpa) and no significant growth was
observed at higher doses.

• Selected-area diffraction pattern indexed with data available in literature have indicated that the
new phase formed during the irradiation was of BCC crystal structure.

• The combination of STEM-EDX mapping and MVSA have indicated the segregation of alloy-
ing elements throughout the γ-Fe played a major role in the formation of the Cr-rich phase.
Additionally, it shows that the new phase is not pure Cr, but also shows Si, C, Ni and Mn in
smaller quantities.

• M23C6 nano-precipitates were also observed to form during the experiments of both γ-Fe and
α′. STEM-EDX at high magnifications showed that such nano-precipitates are highly enriched
in Cr, Mn and C and also nucleate and grow around pre-existing NbC particles within the γ-Fe
phase.

• The addition of Nb in solid solution aiming at enhancing the corrosion resistance of the AISI-
348 by promoting nucleation of NbC via stabilizing heat treatment was not found to be sufficient
to prevent the radiation-induced precipitation of M23C6 nor the Cr-rich α′ phase under the
irradiation conditions studied in this work.

• Equilibrium thermodynamic calculations indicates that the Cr-rich phase formed during the
irradiation is the BCC Cr-rich α′. These calculations indicate that the heavy ion irradiation
could be assisting the AISI-348 towards thermodynamic equilibrium from an initial metastable
condition (γ-Fe phase), although the calculated equilibrium state is expected to exist at lower
temperatures when compared with the irradiation temperature reported in this work. This is due
to the irradiation-induced destabilisation of the γ-Fe phase.

The Fe-rich α-phase was not detected within the experiments reported in this work, although it
is present in the calculated equilibrium diagrams for the AISI-348. It must be remembered that the
presence of this phase in the irradiation experiments is not necessary, since the irradiated alloy does
not reach the complete thermodynamic equilibrium. Therefore, further works are needed to identify
the formation of either Cr-rich α′-phase and the Fe-rich α-phase during heat treatments and/or differ-
ent irradiation conditions in order to evaluate the conditions for their formation. An evaluation of the
mechanical properties of the AISI-348 after irradiation is also needed in order to assess its mechan-
ical performance when such precipitation phases are formed. The latter is of paramount importance
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within the context of austenitic stainless steels as candidate materials for nuclear fuel cladding in nu-
clear reactors. Future works could also address the formation of secondary phases as per induced by
the irradiation in the AISI-348 steel in its bulk form.

6. Data Availability

The raw and processed data required to reproduce these findings are available to download in the link
doi:10.17632/tvzc8f9w5z.3 permanently stored at the Mendeley Data repository.
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[6] T. Gräning, M. Rieth, J. Hoffmann, S. Seils, P. D. Edmondson, A. Möslang, Microstructural investigation of an
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