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. Abstract

304L SSs are used for structural components of Light Water Reactor (LWR) nuclear power plants and
have been shown to face Irradiation Assisted Stress Corrosion Cracking (IASCC). This degradation
phenomenon has been of great concern regarding structural integrity of reactors for lifetime extension
of LWRs but is still not completely understood. This study evaluates the evolution of mechanical
properties (hardening) and susceptibility to stress corrosion cracking regarding different radiation
induced microstructures. These microstructures were chosen to explore representative conditions
encountered in Pressure Water Reactor (PWRs) conditions but also the effect of various populations
of cavities as extreme case of those reported at higher flux and temperature. Irradiation microstructures
are produced by heavy ions irradiation under two different temperatures (450°C and 600°C) and with
or without helium implantation. The evolution of microstructure, hardness and cracking susceptibility
are characterized after irradiation. Calculations based on defects population are found to be in
agreement with hardening measurement for irradiations with no helium implantation only. Cracking
susceptibilities are characterized after slow strain rate tests performed at 4% plastic strain under PWR
environment. Cracking susceptibility changes for different irradiations and quantitative assessment of
the effect of irradiation microstructure on IASCC phenomenon is discussed.

Il. Introduction

Structural materials used for fission reactor cores [1] or for ITER fusion reactor [2] are submitted to
high energy neutron irradiation and high irradiation dose, leading to evolutions of mechanical
properties related to irradiation defects creation in the microstructure. 300 series austenitic SSs (SS)
are used for Light Water Reactors (LWR) core internals. Mechanical properties of these materials and
their evolution with irradiation are required for design purposes, but also for ageing management, as
several studies have shown a strong evolution of these properties (e.g. hardening increase, loss of
ductility, fracture toughness decrease...) with irradiation. Better understanding of this degradation
environment is clearly identified as a key-point issue for the maintenance costs diminution and
potentially for the life extension of LWRs. Reviews of the degradation of austenitic SS mechanical
properties with irradiation under LWR conditions can be found in Refs. [3-5]. Their evolution appears



to be strongly linked to the irradiation-induced microstructural features, as dislocation loops,
precipitates, voids, bubbles formation or local chemical variations as radiation-induced segregation
(RIS) although a clear relation relating mechanical properties and microstructure evolutions is not
always clearly established. Amongst degradation phenomenon in LWRs, IASCC (Irradiation Assisted
Stress Corrosion Cracking) has been shown to result from the synergetic effect of intense neutron
irradiation, stress and corrosive environment (see e.g. [6,7]). Structural components as e.g. baffle-to-
former bolts in PWRs or core shroud in Boiling Water Reactor (BWRs) were shown to be affected by
IASCC in service conditions. Intergranular cracking susceptibility of irradiated SS stressed in a
corrosive environment has been confirmed by numerous laboratory studies based on out-of-flux
experiments (see e.g. [8,9]). RIS, which is described by elemental enrichment and depletion at point
defects sinks like Cr depletion and Ni enrichment at grain boundaries (GB), was early identified as a
contributor in GB cracking by enhancement of intergranular oxidation leading to reduction of GB
strength [10,11]. In PWR’s conditions, RIS role as the controlling detrimental factor was however
questioned. Post irradiation annealing revealed that intergranular cracking susceptibility is decreased
based on dynamic straining tests (slow strain rate test, SSRT) without measurable changes of Cr and
Ni content at GB [12]. Radiation induced hardening was also identified as one of the main detrimental
factor of 1G cracking susceptibility. Role of hardening was clearly established in the IG cracking of
cold worked SS where cracking susceptibility is observed above a minimum level of hardness [13].
Recent study [14] of the IG cracking susceptibility of low dose irradiated commercial and advanced
alloys for LWRs internals has confirmed a correlation between cracking and hardening. However, in
this study the authors did not conclude the controlling role of hardening. Irradiation-induced defects
such as Frank loops act as dislocation barriers and thus contribute to irradiation hardening. This is
confirmed by several studies that correlate measured increase of hardening (either by hardness or yield
stress) to density and mean diameter of these population of defects through Orowan equation or other
mechanistic models as reported e.g. in [15,16]. Cavities are also considered as barriers to dislocation
motion. High strength factors are generally reported for voids in either in Body Centered Cubic (BCC)
or Face Centered Cubic (FCC) materials. Mean value of 1 are generally considered for austenitics
[17,18], whereas mean value of 0.6 was recently reported for BCC Fe [19]. Small bubbles (primarily
He-gas filled cavities in neutron irradiated austenitics) are considered as weak barriers [17]. Defect-
size dependence of strength factor was determined [20]. It is based on different hardening models and
experimentally characterized number density and diameter bubbles induced by He irradiation in 316L.
Depending on the hardening model considered, strength factor was shown to increase with bubble size
or to have a relatively constant value [20]. A saturated value of ~0.2-0.3 was determined for bubble
diameter higher than 15 nm. A continuous relationship between strength factor and voids size and
density number was proposed for austenitic alloys in [21]. Role of small helium bubble both in the
matrix hardening and in the embrittlement of grain boundary has been emphasized in nickel-based
alloy with high helium concentration (1.8at% or 18000 appm He) [22]. Embrittlement role of He was
evidenced in austenitic SS, where brittle intergranular fracture was shown for He concentration higher
than 2at% [23]. In this study, the matrix hardening due to small He bubbles was point out as a
concurrent parameter which enhances the brittle I1G fracture, whereas the spacing of GB He bubbles is
also inferred to play a detrimental role. Edwards and al. [24] reported observation of a high density (~
102 m3) of small cavities from TEM investigations of a thimble tube irradiated in PWR conditions at
doses between 33 and 70 dpa. Although the He concentration was estimated to be ~0.07 at.% at the
higher dose (based on an average ratio of 10 appm He/dpa), small bubbles containing high level of He



and hydrogen were inferred to promote IG failure and to increase susceptibility to IGSCC. Considering
the He production rate estimated in PWR conditions, it is however very unlikely that He alone would
be a unique factor controlling the IGSCC. Recently Villacampa et al [25] showed that the implantation
of He up to 1000 appm (beside 2.2 appm of dissolved hydrogen) on 316L SS leaded to GB bubbles
nucleation but did not impact IASCC initiation. Effect of helium embrittlement combined with
radiation damage has then to be completed for austenitic SS. Further experimental data are required
regarding the concurrent roles of the intragranular cavities on hardening and on GB cavities in fracture
behavior to understand the 1G cracking of neutron-irradiated SS.

Besides their recognized contribution to hardening, Frank loops are also a governing parameter in the
enhancement of plasticity localization observed in strained irradiated SS. During deformation,
radiation-induced Frank interstitial loops that are intersected by slip bands become unfaulted, assisted
by the stress field of piled-up dislocations in the bands and are subsequently mostly cleared out the
deformation band, this led to what has been reported as dislocation channeling [26] or “defect-reduced
channel band” [27] i.e. the slip dislocations tend to become channeled in the defect-free and severely
localized or inhomogeneous deformation occurs. Localized deformation has been proposed in several
recent studies [28-30] as the most prominent factor in intergranular cracking susceptibility of
plastically strained irradiated austenitic SS. Interaction between voids and dislocation channels that
may arise from growing density number of voids with increasing dose naturally arises when
considering the IASCC susceptibility evolution of highly irradiated components. Contribution of
irradiation-induced voids to flow localization was early questioned in [31] related to ductile fracture
mechanism in irradiated austenitic SS. Small He bubbles were reported to remain in the channels band
in a He-irradiated 316LN strained at 10% [27]. In this study, the authors conclude that the deformation
mode in presence of 2at.% He was not changed although cross-slip was restricted at a lower
displacement damage level by the presence of helium. This observation was later confirmed by Jiao
and Was [18] who showed that voids (size ranging from ~2 to 5 nm) were still present and relatively
unchanged on the channel while dislocation loops were completely annealed.

The research referred to above illustrates the potential contribution of irradiation defects, here Frank
loops and voids, on the embrittlement of irradiated SS. It is important to further understand the
contribution of voids- and damage- hardening and localization on the 1G cracking susceptibility of
irradiated austenitic SS.

Neutron irradiations need long time irradiation because of relatively low damage rates in experimental
reactors. They require costly evaluations since biological protections are needed. Self-ion irradiation
is efficient and practical to evaluate radiation defects impact on IASCC. Indeed, it is possible to
produce high flux of ions and then obtain high fluence rapidly at small costs compared to neutron
irradiation. Irradiation experiments using an ion accelerator allow one to prepare samples containing
different types of microstructure thanks to the flexibility of the irradiation conditions.

In this study different defects (voids and Frank loops) populations using self-ion irradiations are
produced in order to study the effect of these defects on hardening and IG cracking susceptibility.
Helium effect on voids size and density was also studied. Based on TEM characterizations of the
irradiation induced microstructure and nanohardness tests, correlation between measured and
calculated hardening was evaluated. Moreover, cracking susceptibility was determined based on SSRT
tests in PWR environment. Existence of a correlation between defects population, hardening and



intergranular cracking susceptibility was finally assessed. Experimental procedures are described in
the first part of the paper. Results of the characterizations (microstructural, nanohardness, and slow
strain rate tests in PWR environment) are then detailed in the second part. Finally, analysis and
discussion of the main results regarding the link between irradiation-induced microstructure,
mechanical properties and cracking susceptibility in PWRs conditions are presented in the last part of
the paper.

Ill.  Experiment

A.  Material

The material used in this study is a commercial grade AISI 304L SS. The chemical composition is Fe-
18.75Cr-8.55Ni-0.02M0-0.45Si-1.65Mn-0.012C-0.01P-0.002S (wt%). The material was solution
annealed at 1050°C for 30 min followed by quenching with helium. Austenite is then the main phase
beside ferrite (content measured to less than 5%). The mean grain size was 21 pum. Conventional yield
0.2% stress and tensile strength of the virgin material were determined at 340°C at a mean strain rate
of 5. 10 st and is equal to 200 +5 MPa and 451 +5 MPa, respectively. Machining of tensile specimens
and bars was done based on electro-discharge technique. Tensile test specimens (gauge section of
18mm, 2x2 mm?2 cross section) were used to conduct slow strain rate tests whereas bars (length 18 mm,
2x2 mm? cross section) were dedicated to microstructural characterization. All samples were
mechanically polished with SiC paper down to 2400 grade followed by diamond paste polishing down
to 1 um to have a mirror-like surface. Samples were then vibratory polished with colloidal silica to
remove surface hardened zone induced by mechanical polishing. In order to characterize the
microstructure induced by irradiation, TEM samples were prepared using the lift-out technique with a
focused ion beam (FIB) system with the following steps: at first, walls were designed to be 10 um long,
5 um deep and 1 um thick approximatively on irradiated surface of bar samples. A micromanipulator
system was used to extract the walls from the bar samples and to fix them on Cu grids for further
thinning. A low current was used to thin the wall to thin a lamella down to ~100 nm thickness.

B.  Ion irradiations
Four campaigns of irradiations were conducted at CEA Jannus-Saclay platform with the objective to
obtain different microstructures. For each campaign, a set of tensile samples and bars was prepared.
Irradiation experiments were conducted using a 10 MeV Fe®* ion beam, leading to a damage layer with
a penetration depth of about 2.5 um. lon beam was raster-scanned with a horizontal frequency of 517
Hz and vertical frequency of 64 Hz. To avoid carbon contamination, prior plasma cleansing and a cold
trap during irradiation were used, as suggested by Was at al. [32].

Irradiation damage and implantation profile were estimated using the software SRIM-2008 under
Kinchin-Pease approximation (fast calculation mode) with a displacement energy for all elements fixed
at 40 eV. As recommended in [33], dpa K-P was used in this study. The damage will be cited as simply
dpa from now onwards. Unlike proton, the damage profile for Fe irradiation shows a continuous
evolution of the damage (dpa). Therefore, the damage considered in this study will correspond to the



damage at the surface. In addition, the irradiated zone in each sample was 10 mm x 2 mm so that all
samples had both irradiated and unirradiated (“virgin”) regions. This helped to have comparative
studies in irradiated and unirradiated conditions and to eliminate variations, which could be induced
by surface preparation. Irradiation temperature was considered as a first parameter to vary the
population of irradiation induced defects (mainly Frank loops and cavities). Two temperatures were
considered. The first temperature was chosen at 450°C based on previous studies [34,35] in order to
emulate a Frank loops microstructure representative of the one observed in neutron irradiated SS under
PWR conditions. The temperature shift between PWR conditions and ion irradiation is needed to
accommodate the higher flux rate under ion irradiation [36]. Considering the large difference of flux
rate between neutron and ion (~ 10** dpa/s for ion in comparison to 107 dpa/s for neutron), it is noted
that an irradiation temperature of 450°C is a compromise between the temperature calculated for
microstructure (370°C) and the one calculated for similar microchemistry (RIS) (550°C). The second
temperature was chosen at 600°C with the objective to emphasize the population of cavities and to
limit the Frank loop population. Four thermocouples in contact with samples were used to measure the
temperature during the irradiation as shown in Fig. 1a). Differences between these thermocouples,
variation of temperature during ion flux measurement and during each irradiation campaign lead to
small deviation from target temperature (see Results).

The second parameter considered in this study is implantation of helium ions. Helium implantation
is used to emulate transmutation® that occurs in neutron irradiated SS [36]. Helium implantation was
done with 1 MeV He* ions. An energy degrader system composed of five aluminum foils with
different thicknesses and one hole had been placed in front of He beam to obtain a more homogenous
implantation profile. The profile and depth of implantation were determined based on SRIM
simulations of 1 MeV ion beam going through Al foils and the hole with the following two steps.
The first step was to assess the mean energy of He beam and the ratio of He ions reaching the sample
after going through an Al foil with a given thickness. The second step was to assess the He
implantation profiles in SS for each Al foil based on the mean ion energy and flux values determined
in the first step. He implantation profiles for each Al foil are then mixed together to form the complete
He implantation profile in the material. Foils of 2.4 um, 2 um, 1.6 pum, 1.2 um and 0.8 um result in
an implantation in depth between 500 and 1800 nm where the He content is higher than ~100 appm.
Calculated damage rate is 3.36x10°° dpa.s™* for Fe-He-450 and 2.5x107° dpa.s™ for Fe-He-600 which
is two orders lower than the iron irradiation. He content of 15-20 appm/dpa was chosen in order to
be representative of those encountered in core components in LWRs conditions. It is noted that
despite than an energy degrader system was used, helium implantation is not uniform along the whole
irradiated layer (see

Fig. 3c and 3d). Average helium concentration at surface were calculated over the first 500nm to be
equal to 50 appm and 25 appm in Fe-He-600 and Fe-He-450, respectively.

Damage and implantation profiles are shown in Fig. 1b) where the Fe implantation profile is similar
for irradiations with and without He implantation. It is noted that helium implantation also induces
radiation damage; however, considering the amount of helium implanted, it has been evaluated that the
damage will be increased by less than 2.5 % so that only damage induced by Fe implantation is reported

1 Helium can be produced by (n,a) reaction on Ni, Fe, Ti and Cr atoms with high energy neutrons (>1 MeV) and also by
the successive *2Ni(n,y) >°Ni(n,a) *°Fe reactions with thermal neutron energies [9].



in the following. Thereafter, “Fe-450”, “Fe-600" refer to single Fe ions irradiations performed at
450°C £ 20 °C, 600°C + 25°C, “Fe-He-450”, and “Fe-He-600” to Fe irradiations with He
implantations performed at 450°C and 600°C, respectively. It is noted that at 600°C, He and Fe
implantations were done successively whereas co-implantation was done at 450°C. Co-implantation
mode at 450°C was chosen for a better emulation of physical mechanisms leading to cavities formation
observed in PWR’s irradiation conditions whereas co-implantation at 600°C was not required with the
objective to vary the cavities population [37].
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Fig. 1: a) Irradiation Set up showing the batch of samples in the irradiation chamber. Thermocouples (TC) are connected to the
side of samples for temperature measurement. b) SRIM profile of Fe 10 MeV irradiation coupled with 1 MeV degraded He
implantation in the case of Fe-He-450. The blue profile stands for damage profile in dpa, the red profile for Fe ions
implantation in arbitrary units and the green profile for He ions implantation in appm by the use of an energy degrader. Width
of the profile is associated with the uncertainty associated to each value.

Targeted doses were 20 dpa at the surface with a dose rate of ~4 x 10 dpa/s (calculated at the surface).
lon flux is measured periodically based on Faraday cups during irradiations. Fluence is calculated
afterwards from the flux measured. However, post irradiation flux evaluations showed that the flux
was overestimated. These evaluations were confirmed based on Rutherford Backscattering
Spectrometry measurements of glassy carbon samples that were also included in the batch. This
technique consists in bombarding the reference material (here glassy C) with 2.5 MeV H* ions that are
backscattered and collected as a 160° spectrum. Quantification of this spectrum is based on the widely
used "SIMNRA" software. Consequently, the doses obtained at the surface of the samples were lower.
A mean value of 12+4 with a dose rate of ~2.2 x 10 dpa/s and ~2.4 x 10 dpa/s were evaluated at the
surface for Fe-600 and Fe-He-600 respectively, whereas a mean value of 8+1 dpa with a dose rate of
~1.3 x 10 dpa/s was obtained for Fe-450. Fe-He-450 was carried out after the reevaluation of the dose
rate so that a mean dose of 10+2.5 dpa with a dose rate of ~1.7 x 10 dpa/s was targeted in order to be
close to the previous irradiations.

Table 1 resumes the irradiation conditions.



Table 1 : Irradiations details, dose, dose rate, fluence and implantation mode.

Irradiations Dose at surface (dpa)  Dose rate at surface (dpa/s) Fe fluence (ion/cm?) He Implantation mode
Fe-600 12+4 2.4+0.8 x 10* 8.4+2.8 x 10% No He

Fe-He-600 1244 2.2¢0.7x 10* 9.6+3.2 x 10%° Pre implantation at 600°C
Fe-450 8+1 1.3+0.2x 10* 9.6+3.2 x 10% No He

Fe-He-450 10+2.5 1.7 x 10* 8.25+2.1 x 10% Co-implantation

C. Microstructure characterization

Microstructure were characterized after irradiations by the use of transmission electron microscopy
(TEM) with a Tecnai G2 equipped with a LaB6 filament operating at 300kV. For every irradiation
condition, cross section TEM samples are produced by the lift-out technique using a FEI Nanolab
Dualbeam FIB. The same equipment is used for cross sectioning. Cross-section foils allow
characterizing the total depth of the irradiated zone (~2.5 pm). Voids were detected by over-
focus/under-focus technique, but their sizes were characterized using an under-focused beam. Frank
loops were characterized by revealing one of the four families of these defects by the rel-rod technique
using the diffraction conditions ([011] zone axis with g = % (3-11) diffusive line). Images acquired in
different TEM lamellas were used to obtain a better statistic of each type of defects.

For density evaluations of the radiation-induced defects, TEM foils thickness is characterized by
Electron Energy Loss Spectroscopy (EELS) zero loss method for each sample. After observation,
defects are quantified using ImageJ software. Defects are manually selected and characterized by their
size, number and position on the sample. Only one plane was observed and based on the homogenous
distribution of Frank loops families [38] the number of Frank loops quantified was multiplied by four
to evaluate Frank loops density. To have good statistics, quantification was done on more than 600
Frank loops for each irradiation condition.

D. Nanoindentation tests

In order to quantify the hardness evolution between irradiated and unirradiated microstructures,
nanoindentation tests were performed. The same methodology was used than in [34,35] and will be
only briefly recalled hereafter. A Nanotest platform Il from Micro Materials Limited equipped with a
Berkovich tip was used. The samples were indented normally onto the surface and a grid of 10 lines
with 20 indents each were made corresponding to indent penetration depth ranging from 200 nm to
2 um. The distance between the two consecutive indents and between two lines was 40 um each to
avoid interactions between plastic zones generated by each indent. Indentations were performed in
depth-control mode. The duration of loading/unloading was fixed to 20s with the loading/unloading
rate varying depending on the maximum load. A 20s hold time was used at the maximum load. The
average of the 20 measured hardness values was calculated and considered for the corresponding indent
penetration depth. Indentations are performed both in the irradiated and in the unirradiated areas of the
sample to avoid any preparation effect in the determination of the hardness increases.



E.  SSRT and IASCC susceptibility assessment

Cracking susceptibility assessment was made based on SSRT tests conducted in simulated nominal
PWR primary water environment. The tests were carried out with a strain rate of 5 x 10 s using
tensile testing device CORMET C137. The same experimental device and test methodology than in
[34,35] was used. The autoclave (5 liters capacity) was filled with primary water (25-35 cc/kg H2 STP,
1000 ppm B, 2 ppm Li). The temperature of the system was increased to reach the test temperature of
340°C, and the pressure was maintained at 155 bars. PT (Pressure-Temperature) sensor located in the
center of the autoclave was used to monitor pressure and temperature during the test. Prior to straining,
environmental conditions were allowed to stabilize for few hours. Load was applied using a computer
driven 30 kN load train. A displacement sensor LVDT (Linear Variable Displacement Transducer)
located on the traction line of the autoclave measured the displacements. Load and displacement data
were collected by a computerized data acquisition system and recorded every 10 seconds. Specimens
were strained up to 4% plastic strain which correspond to a test duration of about 10 days.

F.  IASCC susceptibility assessment

Following SSRT tests, cracks were characterized using scanning electron microscopy (SEM). Cracks
existence, number of cracks, crack length and total crack length per unit area were used in this study
as indicators of cracking susceptibility.

Sample surface is observed using a FEI NanoLab Dual Beam in SEM mode. An ICE detector to obtain
a clear contrast between cracked and un-cracked grain boundaries collected backscattered electrons.
Automated acquisition of SEM images was used in order to get large areas with high resolution. Images
with a horizontal field of view (HFW) of 25 um were collected in four different areas (~ 0.25 mm?
each) of the irradiated zone to get more than 3000 images representing an observable total area of
~1.1 mm?2. These areas are located in the irradiated area of the specimen gauge length, with the first
area being ~2 mm from the unirradiated/irradiated transition zone, the following areas being spaced
every 2 mm so that the fourth area was located ~2 mm from the opposite irradiated/unirradiated
transition zone. The same process is applied in the unirradiated zone of the samples.

Intergranular cracks were identified by their contrast in backscattering electron images: dark along the
centre bordered by brighter edges. Cracks were manually identified and traced in ImageJ and these
traces were measured using ImageJ software. The crack length of each crack was estimated by the
measurement of the distance between the two ends of the crack considered. Crack is considered to exist
when an opening of 4 pixels or more is seen on SEM images. In our case, 4 pixels corresponds to ~ 68
nm. For branched cracks, only the length which corresponds to the longest length has been considered.
The assessment of a crack end has been defined at £2 pixels, then the length of a crack is defined at +
4 pixels, i.e. £ 68 nm. The uncertainty for density measurement was evaluated but is estimated to be
small regarding statistical uncertainty.

The data on crack length thus obtained was converted into a crack length distribution profile from
which the mean crack length was obtained. Statistical evaluation of the mean value of crack density
and mean crack length were based on scanning two different areas of 1 mm? for each irradiation
condition.



IV. Results

A. Microstructure

Microstructural characterization was done along the whole depth of the irradiated layer for each
irradiation condition. Frank loops, voids and precipitates were investigated from TEM of cross-section
samples. Fig. 2a) shows an example of Frank loops and voids observed in Fe-He-450 sample with
Bright Field TEM imaging. Dark Field TEM image shown in Fig. 2b) allows isolating Frank loops
from the microstructure. Frank loops or voids were not observed beyond the damage layer calculated
with SRIM, i.e. beyond a depth of 2500 nm (see Fig. 1). It is also noted that based on imaging
conditions exposed in the Fig. 4 of [38] (Beam condition to observe precipitates was B = [110] g=
[220]. No spot was discovered between the transmitted (000) spot and the (220) spot), radiation induced
precipitates such as y’ were not observed in the irradiated layer for the irradiation conditions studied.
G-phase precipitates were not characterized. Densities and mean size of Frank loops and voids are
given in Table 2. VValues averaged over the whole depth and values at surface are reported in Table 2.
Values at surface were calculated over the first 200 nm and were considered here to allow comparison
with data reported in the literature which are mostly obtained from TEM foils located close to the
irradiated surface.

v

§

same area showing Frank loops in Fe-He-450 condition.

Table 2 : Defects (voids and Frank loops) densities and size for the studied irradiation conditions (values at surfaces are the average value over
the first 200 nm).



Irradia
tions

Dose at surface

Voids

(dpa)

Density (m)

Density at surface
(m?)

Mean size (nm)

Size at
surface (nm)

Volume occupied
by voids (%)

Fe-600

12+4

2.4+0.5x10%°

1.15+0.3x10%°

110+1

78.5+1

2.7+0.1

Fe-He-
600

12+4

1.3+0.1x10%°
(small)

4+0.4x10'8
(large)

7.9£2x10%°

8.7+1 771
(small) (large)

8.7+1

8.7+0.3

Fe-450

8+1

4.2+0.8x10%°

2.7+0.6x10%°

21.7+1

11.3+1

0.3£0.1

Fe-He-
450

10£2.5

2.7+0.8x10%

3.8+1x10%

8+1

8.3+1

0.2+0.1

Irradiations

Dose at surface

Frank loops

(dpa)

Density (m™)

Density at
surface (m)

Mean size (nm)

Size at surface (nm)

Fe-600

12+4

<10%

<10%

Fe-He-600

12+4

< 1019

< 1019

Fe-450

8+1

1.1+0,2x10%

0.9+0,2x10%

22.4+1

23.2+1

Fe-He-450

10£2.5

1.1 +0,3x10%

0.5+0,1x10%

16.4+1

17.2+1

Cross section bright-field TEM images for the four irradiations conditions are shown on
Fig. 3. Profiles of damage, He and Fe implantation are superimposed on each image.

Fig. 3 shows that voids of various size were observed at both 450°C and 600°C and that the voids
population is very sensitive to the irradiation conditions. The corresponding voids size distributions
with corresponding density are given in Fig. 4.

These distributions confirm that the density of voids is markedly different depending on the irradiation
condition. Large voids are obtained after irradiation at 600°C (Fig. 4c and d) whereas smaller voids are
observed after irradiation at 450°C (see Fig. 4a and b). Comparison of Fig. 4a and b with Fig. 4c and d
reveals a clear effect of helium implantation on the voids population. For both 450°C and 600°C,
helium implantation leads to the presence of second population of smaller cavities with a high density
resulting to a decrease of the mean void diameter (see Table 2). Small and large cavities distributions
were clearly distinguished only for Fe-He-600. Cavities of Fe-He-450 and small cavities of Fe-He-600
both exhibit a spherical shape which means that they are in equilibrium with surface free energy of the
material. The pressure P of these bubbles can then be calculated by the expression P=2y/r. y is the
surface free energy which is 3.975 J/m? [41] and r the radius of the bubble. The pressure of bubbles is
around 2 GPa for Fe-He-450 and 1.8 GPa for Fe-He-600. Considering the work of Villacampa on
helium bubbles in austenitic stainless steel [20] the mean concentration of helium of ~40
He/bubble/nm? is deduced.

Voids distributions of size, frequency and volume fraction through the depth of irradiated layer are
given on Fig. 5 (a, b, c) for Fe-450, Fig. 5 (d, e, f) for Fe-He-450, Fig. 5 (g, h, i) for Fe-600 and Fig. 5
(, k, ) for Fe-He-600 samples. These distributions regarding depth clearly show that cavities are
observed along the depth of the irradiated area up to ~2000 nm with a spatial distribution, which
depends on irradiation conditions. No clear correlation between irradiation conditions and void spatial
distribution can be evidenced from graphs on Fig. 5. For Fe-450 and Fe-He-450 the highest voids
frequency is around 1800 nm whereas the highest frequency is closer to the surface at 600°C. As
described earlier, a strong effect of helium implantation is observed on voids density and size. For
450°C irradiations, He co-implantation leads to a decrease of mean voids size (from 21.7 to 8 nm) and
a marked increase of density (~x60). Mean porosity as calculated by the voids volume fraction varies
from 0.2% (Fe-He-450) to 8.7% (Fe-He-600), the smaller porosity being obtained at 450°C (0.2% and



0.3% for Fe-He-450 and Fe-450, respectively) and larger porosity at 600°C (2.7% and 8.7% for Fe-600
and Fe-He-600, respectively). The mean volume fraction has been evaluated by taking into account the
distribution of size and density over the whole damage area.
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Intergranular nanocavities (IG cavities) were observed for Fe-He-450 and Fe-He-600 (see red arrows
on Fig. 6) but not for Fe-600 and Fe-450. The observed cavities were located at high-angle grain
boundaries (HAGB). Moreover the presence of these cavities appears to be closely related to the He
content: they are observed where the He implantation is maximum whereas IG cavities were not
observed at a depth of 1500 nm where He implantation has strongly decrease nor close to the surface
where He is not implanted (depth <~500 nm). IG cavities size and mean spacing depends on the
irradiation conditions: a mean size of 8.8 nm and 5.1 nm for Fe-He-600 and Fe-He-450, respectively
with a mean spacing of 77 nm and 55 nm. The cavities on the grain boundaries are smaller than their
counterparts in the alloy matrix for Fe-He-450 and correspond to the population of small cavities
observed in the matrix for Fe-He-600.

Fig. 6: Intergranular voids (red arrows) on Fe-He-600 (a) and Fe-He-450 samples (b).

Frank loops were observed with a high density after 450°C irradiations and barely observed after 600°C
irradiation. The Frank loops size distributions and density distribution regarding irradiation depth for
the two 450°C irradiations are given on Fig. 7. No effect of helium implantation is observed in mean
Frank loop densities (~1.1x10%2 m) though distribution regarding depth are not exactly the same as
shown in Fig. 7a. However, no correlation can be made between the helium implantation profile (Fig.
1) and the distribution of Frank loops through the irradiation depth. A small decrease of mean Frank
loop size is quantified with He, however the distribution size for both conditions is very similar as
shown on Fig. 7b. Frank loops sizes range from 5 to 70 nm as shown in Fig. 7.



10 X107 | , x10%" |
a) Fe-450 b) Fe-450
BFe-He-450 WFe-He-450
8 L
1.5}
v 5
£ 9 E
P 2 1
o 4 o)
() ()
0.5
] ‘ |
O JI ‘ _______________________ ‘_|_|_._ O ____________ H_‘_‘_‘_H_LLLI_|_|_|_|_|_|_.__|_I_._._|_
0 1000 2000 3000 0 20 40 60
Irradiation depth (nm) Frank loop size (nm)

Fig. 7 : Frank loops depth (a) and size (b) distributions in Fe-450 and Fe-He-450 irradiated samples.

B. Hardness measurement

The increase in hardness of the ion irradiated austenitic SS was evaluated by nanoindentation
measurements performed at room temperature. Using the data points obtained from nanoindentation
measurements, Nix—Gao graphs (i.e. square of nanoindentation hardness plotted as a function of
inverse of indent penetration depth) were plotted to avoid the indentation size effect [42] and are shown
on Fig. 8 for different irradiation conditions. The hardness data at indentation depth lower than 200 nm
are ignored due to reverse indentation size effect and testing artefacts. Results at 600°C and at 450°C
are plotted on Fig. 8a and Fig. 8b, respectively. For clarity of the graphs, measurements obtained from
the unirradiated area of Fe-600 samples have been reported for both graphs (referred to as
“unirradiated”). For unirradiated material, the data show a classical linear evolution where the
measured hardness decreases with increase in irradiation depth [35,43,44]. The extrapolated value
obtained using linear fitting gave a bulk hardness value HO, of 2 + 0.2 GPa for all unirradiated samples
which is in good agreement with the value obtained in [35] on the same material. It was shown in this
study that the Vickers hardness value calculated from Nix — Gao graph was in good agreement with
the corresponding Vickers hardness (Hv) measurement (200 £ 30 Hv).
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In Fig. 8a) and b), a bi-linearity behavior with an inflexion point is observed for all irradiated samples
but Fe-He-600 sample. The depth value corresponding to the inflexion point is slightly different
depending on the irradiation conditions: around 0.4 um for both irradiation at 450°C and around
0.35 um for Fe-600 irradiations. This inflexion point is strongly related to the depth of the damage
layer as it reflects the contribution in hardness from underlying softer substrate which is unirradiated
and has been reported in several studies where heavy ions or protons irradiations are used [43,44].
Indents probe a volume that extends deeper than the indentation depth. The probed volume can be 4 to
6 times deeper than the indentation depth [40,45]. It can then be considered in the present study that
the volume probed by an indent of depth d extends to ~6 x d. For irradiations at 450°C, although not
identical, the trend before the inflexion point is close and for indentation depth larger than 2 um
(1/d=0.5 pm?) the impact of irradiated layer on hardness becomes negligible and hardness is similar
to the one of the unirradiated bulk. For Fe-600 irradiation, it is shown on Fig. 8a that the evolution
beyond a depth of 0.35 um is slightly different to the one observed at 450°C although the irradiated
damage depth is similar for both conditions: at 600°C, the hardness measured in the irradiated layer is
very close to the hardness of the unirradiated layer for indent depth larger than 1 um. This discrepancy
is thought to result from the markedly different irradiation-induced microstructures between both
conditions. The higher void volume fraction in Fe-600 (see Table 2 and Fig. 5i) is inferred to induce a
softening contribution in addition to the contribution of the unirradiated region.

The data over the inflection point are interpreted as the hardness of the irradiated region. HO, the
hardness at infinite depth is derived from the least square fitting for data between 200 nm and the
inflexion point. Fe-He-600 sample shows a significantly different behavior than observed for the other
irradiation conditions. As observed for the unirradiated case, a linear behavior is obtained. As discussed
in [35], another issue needed to be addressed was the strong variation of the damage profile (Fig. 1) in
iron irradiated samples implying a variation of mechanical properties in the irradiated layer. Saturation
in density and size of irradiation induced Frank loops has been reported around 5 dpa in ion irradiated
austenitic SS [46-48]. The doses considered in this study are all higher than 8 dpa so it was then
implicitly assumed that the mechanical properties were constant in the irradiated layer and hence, the
hardness value determined could be seen as representative of the irradiated volume.

The hardening values, i.e. the difference between hardness of the unirradiated and irradiated
microstructures, for all irradiation conditions are given in Table 3. For each condition, the hardening



was evaluated by considering the unirradiated part of the same sample. Fe-450 irradiation induced the
most important hardness increase (78%). Similar hardness increase was observed in Fe-He-450 (77%).
Fe-600 shows a much lower hardness (25%) increase than irradiations at 450°C. It is noticeable that
hardness on Fe-He-600 samples is close but slightly lower than the unirradiated sample with a bulk
hardness value HO, of 1.86 + 0.31 GPa. It is noted that nanoindentation tests were performed on two
different areas of the irradiated part of a Fe-He-600 bar. The hardness profiles measured in the two
areas of the irradiated were consistent each other and also the hardness profiles of the unirradiated areas
were consistent with those measured for the other irradiations.

Table 3 : Hardening induced by irradiation and metrics to evaluate (crack density, average crack length and crack length per
unit area (i.e. total crack length divided by analyzed area)) after SSRT test after 4% plastic deformation for all irradiations

H (GPa) AH (GPa) %(A H/HNI) Crack density Average crack Crack length per
(cracks/mm?) length (um) unit area
(mm/mm?)
Fe-600 2.62+0.3 0.52 25 146+20 8.242 1.2+0.5
Fe-He-600 1.86+0.3 -0.2 -10 0 0 0
Fe-450 3.9+0.3 171 78 347462 9.742 3.4+£13
Fe-He-450 3.9+0.0 1.70 77 107+21 12+2 1.3+0.5

C.  Cracking susceptibility

Irradiated samples were tested under PWR environment to 4% plastic strain at a strain rate of 5.10% s
at 340°C and 155 bar. After testing, samples surfaces were observed by SEM to characterize the
cracking on the irradiated and the unirradiated zones. SEM observations were made without removing
the oxide layer on the tested samples. Very few or no crack were observed for the virgin surface of the
samples. On the irradiated surface, depending on the irradiation conditions, cracks existence is
observed by using the backscattered electron imaging as shown in Fig. 9. The geometry of cracks
suggest that they are intergranular cracks.



Fe-He-450

Fig. 9: Surface appearance of SSRT specimens deformed up to 4% plastic strain in PWR environment as observed by SEM in the irradiated
area. a) and b) Fe-450, c) and d) Fe-He-450, ) and f) Fe-600, g) and h) Fe-He-600. Cracks are indicated by red arrows. Loading direction is
horizontal.



Crack density, average crack length and crack length per unit area, used as metrics to evaluate the
cracking susceptibility, on irradiated surfaces are summarizes in Table 3. Fe-450 induced the largest
crack density with 347+62 cracks/mm?. Fe-600 and Fe-He-4502 still show a significant number of
cracks, 146+20 and 107421 cracks/mm?, respectively but approximately one third of the crack density
obtained for Fe-450. Noticeably no cracking was observed for Fe-He-600 samples after testing under
4% plastic strain. Generally, the cracks observed for Fe-450 condition were more opened than the
cracks for Fe-600 with an average opening value of 210 nm and 110 nm, respectively. Whereas the
crack density was significantly different between each irradiation conditions, the average crack length
is roughly identical for the materials showing cracks with a mean value between 8.2 and 12 um (see
Table 3). Crack length per unit area values confirm the highest cracking susceptibility for Fe-450
condition whereas a similar value is obtained for Fe-He-450 and for Fe-600 (1.2 and 1.3 (mm/mm?)).
Previous study [35] performed on the same SS grade irradiated to 7 dpa with Fe ions at 450°C showed
slightly lower crack density (293+18 cracks/mm?) but a higher mean crack length (16£2 pum). Mean
cracks orientation is closely perpendicular to the stress axis. Standard deviation from that axis is about
22 degrees.

Several cases of presence of trace of slip lines have been observed on the irradiated surfaces but these
traces were not quantified in the present study. It is noted that due to the oxide thickness which can be
heterogeneous along the surface, conclusion on the presence of these traces of slip lines is sometimes
very difficult. These traces can be inferred on the images reported on Fig. 9e) for Fe-600 conditions.
They have also been observed for other conditions but with a lesser extent for Fe-He-600. It is also
noted that for several grains showing cracks, presence of trace of slip lines cannot be evidenced. From
these qualitative observations, no evident relationship between cracking and intersection of slip lines
with grain boundary can be derived in this study.

Based on the parameters considered in the present study to assess intergranular cracking susceptibility
(crack presence, crack density, average crack length and crack length per unit area), Fe-He-600
irradiation does not lead to cracking whereas cracking is observed for the other 3 irradiation conditions.
Largest effect is induced by the Fe-450 condition as both the crack density and the crack length per
unit area are the highest among other conditions.

V. Discussion

This study aims to investigate the link between hardening, susceptibility to IG cracking in PWR
environment and the irradiation-induced microstructures. Four different irradiation conditions have
been investigated. Our first objective was to obtain void populations with density and size distributions
significantly different. Moreover, combining voids with limited irradiation damage was of interest to
separate the effect of voids.

2 It is noted that a BCC phase that covers more than 20% of the sample surface on the irradiated zone of Fe-He-450 sample
was revealed from EBSD cartography before straining to 4% in primary water. EDX cartography revealed that chemical
composition in this phase is identical to the one of the austenite implying that it is probably martensite. EBSD analysis (nhot
shown here) performed before irradiation on few samples that have undergone the same surface preparation (see section
I11-A) have not evidenced similar enhancement of martensite formation. Although the underlying mechanism is not
understood, it is suspected that martensite was formed under irradiation for Fe-He-450. Such surface fraction of BCC phase
was not observed for the other irradiation conditions. Results for Fe-He-450 irradiation are reported here even though the
potential impact of martensite beside austenite on cracking susceptibility has not been investigated in this study.



A. Influence of irradiation conditions on microstructure
Fig. 4 confirms that irradiation conditions has an impact on void population. Densities and Frank loops
size obtained in this study are plotted in Fig. 10 and compared to other studies on heavy-ion (Fe or Ni)
irradiated SS at temperature between 400°C and 500°C. Values for density and size are in good
agreement to the densities obtained in other studies [35,49-54] but at 8 dpa where our values are a bit
higher.
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Fig. 10 : Comparison of the Frank loops mean size (a) and density (b) observed in iron irradiated samples (in blue closed symbols) used in this
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references. Data of our study have been averaged over the first 200 nm of the irradiated layer. Data from literature are reported at the surface.

The error bars in b) represents the uncertainty in the estimation of number density of the Frank loops observed including the uncertainty in the
foil thickness.

Frank loops density at 450°C (1.1x10%? m™) obtained in this study is in good agreement with the density
reported in [55] (1.9x10%2 m™) after using Ni%* ions for irradiation at 500°C and 15 dpa, but the size is
higher (22.4nm vs 12.5 nm). Regarding comparison with neutron irradiation, Frank loops density and
size obtained in our study shows a good agreement with results reported in [56,57] for austenitic
stainless irradiated at 375 to 400°C. Higher density (~2-15 10?2 m) and smaller loop size (~10 nm)
are generally reported in neutron irradiated stainless steels at temperature ranging between 275°C [58]
and 330°C-340°C (see e.g. [59]). Similar trend to have larger loop size and lower density using self-
ions than neutron-irradiated was also reported in [55]. As higher density number and smaller loop size
are expected at lower temperature, it would be feasible to obtain a closer match with neutron-irradiated
304L by fine-tuning the irradiation temperature. The very low density of Frank loops observed at 600°C
in our study is in agreement with the results reported in [55] at the same temperature after 5 MeV Fe?*
and 15 dpa on a 304L grade.

Effect of the He/dpa ratio on the Frank loop population was reported in [60]. Higher He/dpa ratio leads
to higher density and smaller size. In our study, He co-implantation at 450°C leads also to smaller
Frank loop size but the density was not modified. For voids features, comparison with other studies is
less stringent as cavities features are related to the material composition (major and minor elements),
the damage rate which may differ between studies, but also depends strongly to the irradiation mode
as described in [61] and [62].

B.  Impact of the microstructure on hardening
Irradiations impacts the hardness of a material because of defects like dislocation loops or voids that
act like barriers for moving dislocation thus increasing the hardness. Nanoindentation tests shows that
the hardness of the irradiated material changes from unirradiated state for every irradiation condition.
However, in the case of Fe-He-600 softening is observed. For Fe-He-600, an average voids volume



fraction of ~8.7% has been evaluated based on the whole depth of the irradiation layer. As damage
gradient varies more than five times from the surface to the peak, it is important to understand the
adequate contribution to hardness measured and reported on Fig. 8. Based on TEM observations of the
microstructure, Fig. 5(i) shows that void volume fraction varies from less from 1% at the surface up to
25% at the damage peak with values higher than 2.5% at 300 nm with a strong increase of the volume
fraction after 700 nm (> 10%). It is recalled here that using nanoindentation technique, indents probe
a volume that extends deeper than the indentation depth so that the first hardness value reported on Fig.
8 for Fe-He-600 (~200 nm) correspond to a scanned zone of about ~1200 nm (~6*d where d is the
depth of the indent), i.e. with the contribution of areas where the void volume fraction is higher than
10%. This high level of swelling leads to a decrease of yield strength. This effect can be seen in
austenitic SS with long neutron exposure that exhibit large swelling levels [63-65].

When swelling is relatively low, the microstructure can be linked to hardening considering the
dispersed barrier model. Equation (1) translates this effect by considering the evolution of yield stress
of a kind of defect k Aoy j :

Aoy = Mpbay (Nidi )/ )

a is the strength factor of the defect considered, N the defect density, d the defect size, M the Taylor
factor of the material (3.06 for austenitic SS), u is the shear modulus and b is the burgers vector
modulus. This model is representative of the Orowan hardening model. Usually when several point
obstacles are considered in the microstructure, a superposition law has to be considered, either as a
sum of square-root or as linear sum, depending on the relative obstacle strengths. Square root is
generally considered in the literature for defects with different hardening strength factor as Frank loops
and voids (see e.g. [18]). Linear superposition is generally used for defects with close hardening factor
(see e.g. [66]). Considering the presence of voids with strength factors taken to 0.2 (small He-filled
voids) and 1 (large voids) and Frank loops, a square root superposition was assumed in the present
study as in [18] where Frank loops and voids were also considered:

Aoy = [Z (Aay,k)z]l/2 2)

Defects considered for the calculations are the Frank loops and voids observed by TEM. Strength factor
considered for Frank loops are reported between 0.3 and 0.5 in the different studies [17,18,21]. A value
of 0.5 is chosen in this study. Strength factor considered for voids and small helium filled cavities are
taken from [17], i.e. 1 for voids and 0.2 for helium filled cavities. For comparison, the hardening is
also calculated for Fe-He-600. Small voids with mean size 8.7 nm are then considered helium-filled
cavities. Thus, the strength factor considered is 0.2.

For comparison with hardening measured by nanoindentation a conversion between Berkovich
hardness and yield stress is needed. Considering conversion between Vickers and Berkovich hardness
and conversion between yield stress and Vickers hardness in equation (3).

HV = 94.5 H (2) and Aoy = 3.03 AHV 3)
One can obtain the conversion between Berkovich hardness and yield stress in equation (4).

Aoy = 289.17 AH 4)



Comparison between calculated hardening and hardening derived from the nanoindentation
measurements is given on Fig. 11.

700

600

500 | Fe-600 with 7 Fe-a50
He- dislocations )i

400 - Fe-He-600 ) |—-J]:-|

300 r

200 - o & Fe He 450

100 | =

Calculated hardening (MPa)

0 -

_100 ! L 1 1 1 1 1 |
-200 -100 0 100 200 300 400 500 600 700

Measured hardening (MPa)

Fig. 11: Comparison between measured hardening and calculated hardening based on equations (1)-(4). The error bars in the
figure represents the uncertainty in the estimation of number density and mean size of the defects observed (Table 2).

It is observed on this figure, that considering the different approximations made in equations 2 to 4, a
quite good agreement is obtained at 450°C and for Fe-600, although measured hardenings show a trend
to slightly underestimate the calculated one. It is noted that an improvement is obtained for Fe-600
when considering the dislocation density increase that has been reported after irradiation at 600°C on
the same material [67]. A larger discrepancy is however observed for the Fe-He-600 condition. As for
Fe-600, Frank loops density is considered very low for this condition and voids are inferred to be at
the origin of the hardening contribution. Considering the voids density and mean size reported in Table
2, voids should lead to a positive hardening of the order of the one observed for Fe-600. However, no
hardening and even a slight softening was obtained from the nanoindentation tests. As mentioned
earlier, it is inferred that the measured hardness results from the (positive) contribution of voids to
hardening and from the (negative) contribution of a high void volume fraction that will led to a
softening behavior. Based on these results, when voids volume fraction is limited, it is concluded that
the measured hardening results from the contribution of voids and Frank loop. At 450°C, Frank loops
contribute mainly to the hardening.

C. Impact of microstructure hardening on cracking susceptibility

Link between hardening and cracking susceptibility is investigated in
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Fig. 12: Mean crack density and total crack length per unit area as a function of measured hardening (Table 3) observed for the
different irradiation conditions.

Regarding Fe-He-600, Fe-600 and Fe-450, a good correlation is observed between cracking
susceptibility and hardening: cracking susceptibility increases with increasing hardness. This
correlation has been reported in several studies and such trend has been also reported recently on Ni-
base alloys tested in NWC (Normal Oxygenated Water Chemistry) or PW (Pressurized Water) [14].
Highest cracking susceptibility is observed for Fe-450, which also shows the highest hardening. At the
other end, Fe-He-600 with a non-hardening (softening) behavior does not show any cracking
susceptibility. Fe-600 with a moderate hardening has an intermediate cracking susceptibility. However,
Fe-He-450 behavior with a similar hardening than Fe-450 shows a moderate cracking sensitivity
similar to the one observed for Fe-600.



A first attempt of interpretation of the results reported on Fig. 12 could be done by considering two of
the contributors to intergranular cracking susceptibility reported in the literature: hardening and
enhanced localization of deformation. A difference of behavior has been reported between
neutron/proton and heavy ion irradiation regarding enhancement of localization of deformation. Higher
localization of deformation (as measured by average slip lines height or average distance between
traces of slip line at surface) is observed after neutron/proton than after heavy ion irradiation (see e.g.
[35]. This difference is attributed by Jiao and al. [68] to the different penetration depths (more precisely
to damage depth relative to the grain size) of protons and heavy ions in the material. Although less
marked than for proton, increase of localized deformation (measured by average distance between
traces of slip line at surface) has been reported after heavy ion irradiation at 3 and 7 dpa after 5 MeV
Fe [34,35] and for 200 keV He and 2.8 MeV Fe in Ref. [48] so it appears of interest to identify any
potential difference between the four irradiated microstructures regarding localized deformation.

Formation of defects reduced channel bands, which leads to enhanced localization of deformation, are
linked to the presence of defects as Frank loops [69-71]. Considering the very weak density of Frank
loops observed after 600°C irradiations (for both Fe-600 and Fe-He-600, see Table 2), enhanced
localization is limited after irradiation at 600°C so that the cracking susceptibility, observed for Fe-600
is not expected to be a direct consequence of localized deformation increase. For 450°C irradiation,
Frank loop defects were found with a significant density (see Table 2 and it was reported in previous
studies on the same 304L material [34,35] an increase, even if rather low, of localized deformation
after irradiation at 450°C. Similar cracking behavior of Fe-600 and Fe-He-450 would then lead to the
conclusion that a certain amount of hardening in the studied irradiated materials can conduct to a
moderate cracking susceptibility.

Different cracking behavior of Fe-450 and Fe-He-450 although they have a similar (high) hardening
questions on a potential different behavior regarding strain localization in these two materials. Density
of Frank loops, which has been shown to be linked to localization, i.e. increasing localization with
increasing density [18], is similar for both materials with a mean density of ~1.1x10%> m*. Regarding
irradiation induced microstructure, the main difference between these two materials is the voids
population (see Fig. 4 and Table 2) so that a potential effect of these voids on localized deformation is
discussed in the following. A link between voids density and size and localization was reported in [18]
where it is observed that localization of deformation tends to decrease with higher voids density and
size. Based on this observation, it can be inferred that Fe-He-450, which has a two-order magnitude
higher density of voids than Fe-450 (see Table 2), has a limited localization of deformation compared
to Fe-450. Based on this assumption, higher susceptibility of Fe-450 to cracking susceptibility would
result from a higher level of localization whereas localization would be limited due to high density of
small voids in Fe-He-450. Further understanding is however needed based on investigation of
localization either from TEM studies or from AFM measurements at the grain surface after deformation
for these two materials. Besides a different behavior regarding localization of deformation which needs
to be further investigated, a potential origin of the different cracking susceptibility between Fe-450 and
Fe-He-450 could be the presence of a BCC phase observed for Fe-He-450 material (see section 1V-C)
with a surface fraction of about 20% in the irradiated area. Based on EBSD cartography and EDX
analysis, this phase is inferred to be martensite. Role of martensite in cracking susceptibility would
have to be further studied, however, if any, the results of this study show a decrease cracking
susceptibility with higher amount of this phase.

A last point related to the objectives of this study is the effect of He implantation on the irradiation-
induced microstructure and its potential effect on intergranular cracking susceptibility. The discussion



is focused on the results obtained at 450°C as the irradiation-induced microstructure (Frank loops and
voids) is more representative of the microstructure of PWR neutron irradiated 304L components. He
has been co-implanted in Fe-He-450 material with an average level of 10-15 appm/dpa which
corresponds to those encountered in PWRs. This co-implantation leads to a strong modification of
voids population with a decrease of mean voids size (from 21.7 to 8 nm) and a marked increase of
density (~x60). The voids volume fraction obtained (0.2%) is in agreement with the upper bound
reported in neutron irradiated materials in PWR conditions (see e.g. [72,73]). Another marked effect
of He implantation is the presence of intergranular nanocavities which are smaller than their
counterparts in the alloy matrix (similar effect being observed at 600°C). As reported in the
introduction section the role of these cavities on intergranular fracture and on IASCC susceptibility is
still questioned [24,25]. Based on the heavy ions performed in this study, comparison of Fe-450 and
Fe-He-450 cracking susceptibility shows that He implantation with level of 10-15 appm/dpa does not
increase the susceptibility to intergranular cracking in PWR environment. This result can be firstly
interpreted based on the spacing between intergranular cavities (~55nm) and He concentration
(<lat.%). These values are respectively higher and smaller than the conditions leading to grain
boundary embrittlement reported in [23]. It is then concluded that the irradiation conditions used in our
study appear to be not sufficient to increase the cracking susceptibility despite the high hardening of
the matrix.

VI. Conclusion

10 MeV Fe®* ion irradiations at 450°C and 600°C up to a surface damage of ~10 dpa and with or
without He implantation were conducted on 304L SS samples to obtain different microstructures
regarding voids and Frank loop populations. Impact of these microstructures on mechanical properties
and intergranular cracking susceptibility in PWR’s environment was studied. The following results
have been achieved:

e Void populations have been obtained for all the irradiations conditions whereas Frank loops
were observed only at 450°C. 600°C irradiations lead to a marked increase of the voids size.
Average void volume fraction over the irradiation layer ranges between 0.2 and 0.3% at 450°C
whereas it reaches 2.7% and 8.7% at 600°C. Significant variation of the voids volume fraction
is observed along the depth of the irradiation layer due to the marked damage gradient inherent
to heavy ion irradiation performed in this study.

e Helium implantation leads to a decrease of the mean cavity size with the formation of a
population of small cavities (~8nm) with a high density. Small intergranular cavities were
observed only for He implanted materials. Frank loops density is unaffected by helium whereas
it leads to a decrease of the mean size.

e The highest hardening was obtained at 450°C which is similar with and without He
implantation. Moderate hardening was quantified for the irradiation at 600°C without He while
irradiation at 600°C with He shows no hardening (indeed a slight softening) behavior inferred
to be linked to the high void volume fraction for this irradiation condition.

e Intergranular cracking susceptibility was induced after irradiation for all conditions but
Fe-He-600.

e Good correlation between hardness increase and intergranular cracking susceptibility was
observed for all conditions, but Fe-He-450 which shows a moderate cracking susceptibility and
a high hardening. Microstructure Fe-He-600 with no hardening does not show cracking
susceptibility.



He implantation performed in this study does not increase the susceptibility to intergranular
cracking despite the presence of intergranular voids which are smaller than their counterparts
in the alloy matrix.

Interpretation of the difference of cracking behavior between materials with and without He
implantation at 450°C is proposed through the limitation of enhanced localization of
deformation which would be induced by the large density of intragranular small voids induced
by He implantation. Further understanding will be gain based on investigation of deformation
localization either from TEM studies or from AFM measurements at the grain surface after
deformation. For Fe-He-450, potential impact of martensite beside austenite on cracking
susceptibility has not been investigated in this study.
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