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a b s t r a c t

IASCC has been a major concern regarding the structural and functional integrity of core internals of

PWR's, especially baffle-to-former bolts. Despite numerous studies over the past few decades, additional

evaluation of the parameters influencing IASCC is still needed for an accurate understanding and

modeling of this phenomenon. In this study, Fe irradiation at 450 !C was used to study the cracking

susceptibility of 304 L austenitic stainless steel. After 10 MeV Fe irradiation to 5 dpa, irradiation-induced

damage in the microstructure was characterized and quantified along with nano-hardness measure-

ments. After 4% plastic strain in a PWR environment, quantitative information on the degree of strain

localization, as determined by slip-line spacing, was obtained using SEM. Fe-irradiated material strained

to 4% in a PWR environment exhibited crack initiation sites that were similar to those that occur in

neutron- and proton-irradiated materials, which suggests that Fe irradiation may be a representative

means for studying IASCC susceptibility. Fe-irradiated material subjected to 4% plastic strain in an inert

argon environment did not exhibit any cracking, which suggests that localized deformation is not in itself

sufficient for initiating cracking for the irradiation conditions used in this study.

1. Introduction

Austenitic stainless steel, owing to its high strength, ductility,

and fracture toughness, has been selected as the structure alloy for

the majority of the core internals of the Pressurized Water Reactor

(PWR). However, the core internal components made of stainless

steels have been shown to experience Irradiation Assisted Stress

Corrosion Cracking (IASCC), which may affect the integrity of the

PWRs. Core internals are in close proximity to the core and face

significant neutron irradiation of up to 80 dpa during the designed

lifetime of a PWR. This irradiation damage has a devastating in-

fluence on the material as it modifies the microstructure (by

inducing defects such as dislocation loops, precipitates, cavities,

etc.) and consequently the mechanical properties (such as tensile

properties, ductility, and fracture toughness) [1e4]. The complex

coupling of various parameters, as a consequence, complicates the

identification of a comprehensive mechanism responsible for

IASCC. Indeed, it has been suggested that various factors contribute

to IASCC, and efforts should be made to account for the most sig-

nificant factors [5].

Several factors such as Radiation Induced Segregation (RIS),

radiation hardening, oxidation, and radiolysis have been proposed

as likely contributors to IASCC. The role of Cr depletion, which has

long been believed to be a detrimental contributor to IASCC in

oxidizing environments, has been called into question in a PWR

environment [6]. Post-irradiation annealing of ion-irradiated

grades of 304 stainless steel has been shown to lead to a strong

mitigation of IASCC, although virtually no RIS altering was observed

[7]. The role of strain localization in plastically strained neutron-

irradiated stainless steels at high temperature (~300 !C) has been

highlighted as a potential primary contributor to IASCC [8,9]. The

interaction of dislocation channels or strained-induced twins with

the grain boundaries could be a source of high local strain and

stress concentration at the boundaries, which could subsequently

lead to the cracking of these boundaries. Several studies dealing

with neutron irradiation [9e12] have reported a strong correlation

between dislocation channels interaction with grain boundary and

grain boundary fracture, even in an inert argon environment.

Studies have also shown, on the contrary, that localized deforma-

tion cannot lead to intergranular fracture in a low electro-chemical
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potential (ECP) aqueous environment [13]. These conflicting results

suggest that the role of localized deformation in initiating inter-

granular cracks in irradiated materials during straining is still not

clear, and therefore, more work needs to be done in this direction.

As working with neutron irradiated material is quite difficult

and expensive, emulation of neutron defect structures using

different types of ion irradiations (Hþ, Ni2þ, Xe26þ, Fenþ) has been

performed in several studies [14e23]. Proton irradiation is one of

the most common methods. Being lighter and of moderate energy

(several MeV), protons have a range of tens of microns in the ma-

terial (typically the order of the grain size). As a consequence,

proton irradiation has been proven to be a highly valuable tool to

mimic irradiation effects in LWR's, i.e. RIS, irradiated microstruc-

ture, radiation hardening, and IASCC susceptibility [14,16]. The

similarity of the deformation modes observed in neutron- and

proton-irradiated stainless steels [10,16] has further promoted the

use of proton irradiation as a surrogate to investigate the detri-

mental effect of localized deformation on intergranular cracking.

Quantitative [16] and qualitative [17] investigations on the degree

of strain localization (determined by slip-line spacing and step

height measurements) induced by proton irradiation in stainless

steel have been performed in an inert environment. These studies

have shown that dislocation channeling becomes the major

deformation mode at doses higher than a few dpa, depending on

the SFE of the alloy. It is well known that low stacking fault energy

(SFE) promotes planar slip [24] and hence, a higher degree of

localization in irradiated material [5]. The degree of localized

deformation, as represented by either the density of steps or by

their spacing on grain surface or in a quantitative manner by the

average height of steps, was shown to increase with dose [16,17] as

well. This increase in the degree of localized deformationwith dose

was initially correlated with the increase of intergranular cracking

with dose, as reported in Ref. [10]. Further evidence for this cor-

relation between the degree of localized deformation (as measured

by the weighted average height of slip-lines), and the cracking

susceptibility (as measured by the crack length per unit area) was

reported in Ref. [18] based on Slow Strain Rate tensile (SSRT) tests

in a BWR environment. In addition, this study proposed that a

certain amount of localized deformation is necessary to obtain

Inter-Granular Stress Corrosion Cracking (IGSCC), which is related

to the surface oxide film breakage either by grain boundary sliding

[17] or by the high local stresses induced locally by dislocation

channel-grain boundary interactions [19].

Several studies have shown that proton irradiation is one of the

best available tools to replicate neutron irradiation damage, but it

has several limitations. For example, the damage rate for proton

irradiation (~10#6
e 10#5 dpa/s) is lower in comparison to heavy

ion irradiation (~10#4
e 10#3 dpa/s), making the former more time

consuming and hence less favorable to attain higher damage rates.

Heavy ion irradiation (for example, using Ni and Fe) can also

produce irradiation induced defects (e.g. Frank loops) and a

deformation microstructure similar to those one observed in

neutron-irradiated stainless steels [20,21]. Yet heavy ion irradiation

has been criticized due to the small penetration depths of heavy

ions in material. Small penetration depths could alter the defor-

mation structure at the surface, which could greatly affect IASCC

tests, especially if strain localization is the main contributing factor.

The relation between penetration depth and strain localization has

recently been investigated [22]. It was shown that the degree of

localization (as measured by the average surface step height and

spacing) after straining was alike for 1.2 MeV and 2 MeV Hþ irra-

diated material, while it was significantly lower for 2.8 MeV Fe2þ

irradiated material. This led to the conclusion that if the irradiation

depth is greater than 1/3 of the average grain size, the average

surface step height and spacing are weakly affected. Nevertheless, a

successful use of 6 MeV Xe26þ ion irradiation to study IASCC

sensitivity in Z6CND17.12 austenitic stainless steel (close to AISI

316) was demonstrated in Ref. [23]. With this heavy ion, an irra-

diation damage depth of 0.8 mm was obtained. Although the irra-

diation damage depth was much smaller than the grain size, an

increase of IASCC sensitivity with increasing dose was reported in

this study. However, the martensitic phase transformation Feeg/

Feea resulting from the irradiation was potentially involved in

cracking, so a direct and clear link with localization of deformation

could not be drawn. There is currently a need to study the mech-

anisms of IASCC and the contribution of localized deformation in

intergranular cracking of austenitic stainless steels in PWR envi-

ronment using heavy ion irradiation. Heavy ions allow higher doses

to be obtained faster than with protons, but they induce a signifi-

cantly lower degree of localization. Hence, their use to study IASCC

susceptibility appears to be an important milestone.

The objective of this study is to determine if heavy-ion irradia-

tionwith shallow damage depth can be an efficient tool to study the

IASCC phenomenon. In this study, Constant Extension Rate Tensile

(CERT) tests were conducted in a simulated PWR primary water

environment on 10 MeV Fe5þ irradiated SA 304L (with an irradia-

tion depth of about 2 mm) to study the relation between slip-line

spacing and cracking susceptibility of the material.

2. Experimental techniques

2.1. Material and irradiations conditions

The material used in this study is commercial grade AISI 304L

stainless steel. The chemical composition is Fee 18.75Cre 8.55Nie

0.02Mo e 0.45Si e 1.65Mn e 0.012Ce0.01P e 0.002S (wt %). The

stacking fault energy of the material calculated using Pickering's

formula is 23 mJ/m2 [25]. The material was solution annealed at

1050 !C for 30 min followed by quenching with helium. The mean

grain size was 27 mm. Tensile specimens with gauge sections of

length 18.0 mm, width 2.0 mm, thickness 2.0 mm, and overall

length of 40.0 mmwere fabricated along with bars of cross section

2 mm $ 2 mm and length 18 mm using electro spark technique.

Tensile samples were used to perform mechanical tests, while bars

were used to characterize the irradiated microstructure.

Prior to irradiation, these samples were mechanically polished

back and front using ¼ mm diamond paste followed by vibratory

polishing (on the face to be irradiated) in OPS solution for 10 h to

eliminate surface hardened zones induced bymechanical polishing.

Irradiation experiments were conducted using 10 MeV Fe5þ ions in

an electrostatic accelerator connected to a triple beam chamber at

the JANNuS facility of CEA Saclay [26]. Tensile specimens and bars

were irradiated simultaneously to 5 dpa KeP at 450 !C with a dose

rate of 2.7 $ 10#4 dpa/s (calculated at the surface). A higher irra-

diation temperature (450 !C) was used in order to compensate for

the effect of higher dose rate (~10#4 dpa/s for ion in comparison to

10#8 dpa/s for neutron) on microstructural evolution associated

with ion irradiation. A temperature shift of 110 !C was calculated

using temperature shift formulas available in the literature [5].

These formulas indicated that to obtain a microstructure similar to

neutron irradiation at 340 !C using Fe irradiation, irradiation needs

to be conducted at a temperature of 370 !C, while for similar

microchemistry (RIS), an irradiation temperature of 550 !C is

required [5]. Hence, an irradiation temperature of 450 !C was used

in this study as a compromise between the two parameters. Be-

sides, several studies [20] have previously conducted heavy ion

irradiations at 450e500 !C to obtain irradiation induced micro-

structures and RIS close to that obtained with neutron irradiation at

340 !C, which further justifies the choice of a 450 !C irradiation

temperature.



During irradiation, the temperature was monitored by a two-

dimensional thermal imager (FLIR Type SC325) that monitored the

temperature of the irradiated surface. The temperature was main-

tained to within ±20 !C of the set temperature. The penetration

depth of 10 MeV Fe ions in the samples was about 2.5 mm. The

damage profile obtained using SRIM-2011 with the KinchinePease

approximation and using a displacement energy of 40 eV is shown

in Fig. 1 [27]. As recommended in Ref. [28], dpa KeP was used in

this study. The damage will be cited as simply “dpa” from now on.

Damage at the peak (35 dpa), located at a depth of 2 mm, is about 7

times the damage at the surface (5 dpa). Unlike the damage profile

from protons, the damage profile for Fe irradiation does not have

any constant damage (dpa) regions. So, the damage considered in

this study will correspond to the damage at the surface i.e. 5 dpa,

which is justified as most of the characterizations were performed

at the surface. In addition, the irradiated zone in each sample was

10mm$ 2mm, suggesting that all samples had both irradiated and

unirradiated regions. This helped to have comparative studies in

irradiated and unirradiated conditions independent of surface

preparation.

2.2. Nanoindentation measurements

To assess the irradiation hardening, nanoindentation tests were

incorporated. Nanoindentation measurements were performed at

the Service de Recherche de M!etallurgie Physique (SRMP) at CEA

Saclay. For the tests, a Berkovich tip (three sided pyramid which is

self-similar and has a half angle of 65!) with a radius of about

100 nmwas used. A grid of 4 lines with 20 indents each was made

corresponding to indent penetration depths of 2 mm, 1 mm, 500 nm

and 250 nm. This grid has been used in order to assess the inden-

tation size effect. The distance between two consecutive indents

and between two lines was 40 mm. Indentations were performed in

depth-control mode. The average of the 20 measured hardness

values was considered for the each indent penetration depth. The

duration of loading/unloading was fixed at 20s with the loading/

unloading rate varying depending on the maximum load. A 5s hold

time was used at the maximum load.

Measurements in both irradiated and unirradiated areas were

made on the same surface of the bar in order to have an identical

surface preparation. Moreover, indents in the unirradiated area

were made 1.5 mm away from the irradiated-unirradiated transi-

tion zone1 to avoid any interaction between the two regions.

2.3. Microstructure characterization

Transmission Electron Microscope (TEM) foils were prepared

from 2 mm thick irradiated bars. The bars were mechanically

ground to 80e120 mm and pre-thinned to near electron trans-

parency using a dimple grinder from the unirradiated side. A Pre-

cision Ion Polishing System (PIPS) was used to make electron-

transparent TEM foils. In this technique, two beams of Ar ions

(5 keV each) were directed at an angle of 10! towards the center of

the sample disc rotating at a speed of 3 rotations per minutes. TEM

foils prepared using this approach were located close to the irra-

diated surface.

These foils were subsequently used to characterize the micro-

structure using a JEOL 2100 High Resolution Transmission Electron

Microscope (HRTEM) operated at 200 kV available at UMS Castaing

(Toulouse, France). Dislocation loops were examined using the long

established ReleRod technique. In this technique, one of the four

families of the Frank loops was highlighted by selecting the streak

present in the diffraction pattern [29]. The presence of cavities was

estimated using over and under focus technique. Images acquired

in different perforation zones of several TEM foils were used to

obtain a better statistic of each type of defect. The quantitative

estimation (density and size) of these radiation-induced defects

was performed on Dark Field TEM images using image analysis

software. The software permitted the user to manually select the

loops, and at the end of the analysis provided the mean density and

size of the loops based on the selection made by user. To be

transparent to electrons, the TEM foils should have thickness

ranging between 70 and 150 nm. In this study a mean foil thickness

Fig. 1. Irradiation damage profile for 304L irradiated with 10 MeV Fe5þ. Damage was calculated with KeP approximation and plotted as a function of irradiation depth. Damage at

the irradiated surface will be used to indicate the damage in the sample.

1 The unirradiated area corresponds to the portion of sample which was under

the metallic cover of the sample holder used during irradiation. As it was marked by

metallic cover of the sample holder, irradiated e unirradiated transition zone was

well defined.



of 100 nm has been taken to estimate the density of loops. This

value is consistent with several others studies where similar ma-

terials have been characterized [30e32].

2.4. Constant extension rate tensile (CERT) testing

CERT tests were conducted in a tensile testing device CORMET

C137 in the Service de Corrosion et du Comportement des

Mat!eriaux dans leur Environnement (SCCME) at CEA Saclay in a

simulated PWR primary water chemistry environment. The setup

consisted of an autoclave with a capacity of 5 L, a load frame, and a

computer-driven 30 kN load train for straining the samples. The

sample was mounted on heat-treated Inconel sample holder and

into the load frame of the autoclave. The autoclave was filled with

primary water (25e35 cc/kg H2 STP, 1000 ppm B, 2 ppm Li), sealed,

and pressurized with argon gas to detect any leakage. The tem-

perature of the systemwas increased to reach the test temperature

of 340 !C, and the pressure was maintained at 155 bars. Pressure

and temperature were monitored using a PT (Pressure-Tempera-

ture) sensor located in the center of the autoclave. Prior to straining,

environmental conditions were allowed to stabilize for a few hours.

Pressure, dissolved oxygen content, and water conductivity were

measured by sampling the water after the test. The displacements

were measured by a Linear Variable Displacement Transducer

(LVDT) located on the traction line of the autoclave. Load and

displacement data was collected by a computerized data acquisi-

tion system and recorded every 10 s. After achieving stable condi-

tions, the tensile specimenwas strained at a rate of 5 $ 10#8 s#1 up

to 4% plastic strain.

One tensile test was conducted at 340 !C using the same tensile

testing device in an argon environment to assess the cracking

susceptibility of irradiated and unirradiated material in an inert

environment.

2.5. Localized deformation and cracking characterization

After straining to a plastic strain of 4%, the spacing between slip-

steps (as an indicator of deformation localization) and the number

of cracks and crack length (as an indicator of cracking susceptibil-

ity) were estimated using SEM images of irradiated and unirradi-

ated areas of the samples. SEM images were obtained using a FEI

Helios 650 NanoLab Dual Beam FIB in SEM mode with an acceler-

ating voltage of 5.0 kV and a working distance of 14 mm. The oxide

layer on the sample after exposure to primary water was very thin,

especially in the Fe irradiated area and hence, it did not obscure the

visibility of step lines and cracks in the material. To investigate the

nature of the crack, EBSD analysis was performed on thin samples

prepared using a conventional FIB lift-out procedure using the

same SEM. For this purpose, a location of interest was chosen and a

layer of Platinum (Pt) was deposited on the sample. The coatingwas

first made using electron beam and then using Gallium (Ga) ions

beam to protect the area beneath from being contaminated by the

Ga ions. Transverse cutting (i.e. in the direction perpendicular to

the plane containing the crack) of the crack using large beam cur-

rents was then performed by milling two trenches on either side of

the Pt coating. The sample of size 10 $ 15 $ 7 mm, was then

mounted on a TEM sample holder and subsequently polished using

successive low beam currents. Finally, the sample was thinned to

100 nm or less using 1 keV ion beam to minimize the artifacts from

sample preparation and hence, to prepare a defect free surface for

EBSD analysis. EBSD on this sample was then performed using a

JEOL JSM 7001F Field Emission SEM at 30 kV in “in lens” mode. The

mapping of the samples was done using a device on the JEOL mi-

croscope. The acquisition was done with Brucker software and

post-treated with the HKL software.

3. Results and discussion

3.1. Microstructure

Heavy ion irradiation performed using 10 MeV Fe at 450 !C

induced dislocation loops in the microstructure. Bright Field and

Dark Field (g ¼ ½ (3e11) on zone axis [011]) TEM images of the

Frank loops are shown in Fig. 2. As is evident in the images, dislo-

cation loops of different sizes were observed. For themajority of the

loops, the diameter ranged between 6 and 14 nm. The largest loop

size observed was 30 nm, while no loops smaller than 2 nm were

identified. The size distribution of Frank loops is shown in Fig. 3.

The size distribution appeared to be an asymmetric distribution

that extended up to 30 nm, similar to what has been reported in

literature for neutron-irradiated SS 304L [33]. The average number

density and mean diameter of dislocation loops observed were

5 ± 0.9 $ 1021 m#3 2 and 13.4 ± 1.9 nm, respectively. The mean size

of Frank loops obtained was similar to the value (12.5 nm) reported

in Ref. [34] on 304 grade stainless steel irradiated with 2.8 MeV Fe

at 300 !C at 10 dpa, and the number density was about a factor 10

lower in this study which may be due to the higher irradiation

temperature, which tends to decrease the defect density as re-

ported in Ref. [35]. No other irradiation-induced defects (e.g. cav-

ities, radiation induced precipitates) were observed after 5 dpa in

the studied material.

3.2. Irradiation hardening from nanoindentation measurements

Fig. 4 shows example load e displacement profiles obtained for

different indents made at different depths (maximum depth of

2000 nm) in unirradiated samples. It can be seen from Fig. 4b that

the reproducibility of the measurements was quite good. The

evolution of the hardness as a function of the indentation depth for

the unirradiated and irradiated samples is shown in Fig. 5a. The

slight decrease in the measured hardness value with increasing

indentation depth observed in unirradiated sample was attributed

to the indentation size effect. In addition, in the irradiated sample,

beyond a certain depth, the zone of plastic deformation originating

from the indentation exceeds the boundary between the irradiated

and unirradiated regions. As a consequence, a decrease inmeasured

hardness was observed. At a 2 mm indentation depth, the contri-

bution is entirely from the unirradiated region and hence, hardness

values at this depth should be the same for the irradiated and

unirradiated samples, as shown in Fig. 5a. To get rid of the inden-

tation size effect, Nix and Gao have proposed a relation between

the hardness at infinite depth (i.e. macroscopic hardness), H0, and

the measured hardness, H, at a given depth, D [36]. The square of

the nanoindentation hardness is plotted against the reciprocal of

indentation depth (1/D) in Fig. 5b for the unirradiated and irradi-

ated samples. For the unirradiated sample a plot of the square of

nanoindentation hardness is proportional versus the reciprocal of

the indentation depth reveals excellent linearity. The bulk hard-

ness, H0 (square root of the intercept value), was estimated to be

2 ± 0.7 GPa for the unirradiated sample. The Vickers hardness value

calculated from this bulk hardness value using the relation

Hv ¼ 0.0945 H0 was 191 ± 11 Hv [37,38]. Vickers hardness mea-

surements performed on the unirradiated sample yielded a value of

200 ± 30 Hv which is in good agreement with the value reported

above.

The depth of plastic deformation due to the indentation has also

2 The average number density of Frank loops was obtained using a mean foil

thickness of 100 nm. The error range is obtained by performing similar measure-

ments on various images.



Fig. 2. a) Bright Field TEM image indicating the size of few Frank loops observed b) Rel-rod Dark Field TEM image obtained by selecting g ¼ ½ (#311) streak (encircled in red) in the

diffraction pattern (in inset) highlighting the Frank loops present in the microstructure of Fe irradiated 304L. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

Fig. 3. Frank loops size distribution observed in Fe irradiated 304L to a dose of 5 dpa.

Fig. 4. a) Image of the nano indent matrix in the unirradiated region obtained using an optical microscope. b) Evolution of the load as a function of indent penetration depth during

nanohardness indentation tests.



been shown to be dependent on the dose level [34]. The plastic

deformation depth was estimated to reach 4 times the indentation

depth for the 10 dpa Fe irradiated sample and up to 10 times the

indentation depth for the unirradiated sample. Proceeding with

this argument, an indentation depth of 500 nm in the irradiated

sample will corresponds to a plastic zone extending to a depth of

2 mm. As the boundary between the irradiated and unirradiated

regions is estimated to be at 2.5 mm, the hardness measured at

500 nm depth was considered unaffected by the unirradiated area.

Assuming a linear relation, as was observed for unirradiated ma-

terial, the bulk hardness for the irradiated material was evaluated

using only the data from the inflexion points (1/D ¼ 4 and 2)

indicated with an arrow. In the irradiated sample, the square root of

the intercept value was estimated to be 3.16 GPa. This suggests an

increase of 1.16 GPa (or 58%) in the bulk hardness after irradiation.

The dose that led to this increase in hardness was at least 5 dpa, as

the irradiated region scanned via nano indentation presents a

continuously varying damage ranging from 5 dpa to 35 dpa (see

Fig. 1). However, it is known that the irradiation hardening of

austenitic steel saturates at about 5e10 dpa, suggesting that the

contribution of the damage close to the peak region or the surface

region is not expected to be very different. Thus, it can be concluded

that Fe irradiation at 450 !C to about 5 dpa leads to an irradiation

hardening of ~58%. This hardening is linked to the defects (Frank

loops) induced in the microstructure, which act as obstacles to the

motion of dislocations.

3.3. Localized deformation

Plastic strain up to 4% at 340 !C produced fine lines representing

surface offset in both the unirradiated and irradiated zones of the

sample. Fig. 6 shows cartography obtained in the irradiated area

using a ForeScattered Electron (FSE) imaging system of the e# flash

EBSD detectors. Due to its high sensitivity to small orientation

Fig. 5. Comparison of the a) hardness profiles b) Nix - Gao profile (H2 versus 1/D) obtained for unirradiated and irradiated samples using nano indentation tests.



changes, the cartography obtained using FSE included color

contrast, which offered the opportunity to clearly see the grains.

However, the information on the orientation, is qualitative, and

colors cannot be related to a given orientation. Areas identified as

ferrite phase are contoured in Fig. 6 using black dashed lines and

constitute 4.7% of the total surface. Fine lines corresponding to slip-

lines are clearly visible within austenite grains. It can be clearly

seen that the number of lines per grain varies significantly from

grain to grain, with some grains showing no lines at all. This vari-

ation of line number density within each grain is linked to the

variation of grain orientation relative to the tensile loading direc-

tion and has been reported in previous studies [17].

The average slip-line spacing was computed over 10 SEM images

(around 25 grains) for each condition. The value was 0.9 mm for the

unirradiated zone3 and 1.6 mm for the irradiated zone (Fig. 7) of the

sample. This implies an increase of 77% in the slip-line spacing with

irradiation. The probability density distribution of slip-line spacing

given in Fig. 7 shows that the irradiation broadens the distribution

towards larger values. An increase of slip-line spacing after ion

irradiation has also been reported in Refs. [22,34] for 1.2 MeV H and

2.8 MeV Fe, respectively. Miura et al. [39] explained that the slip-

step spacing widens due to blocking of some of the slips (present

in an unirradiated matrix) by damage present in the irradiated

region. The author further explained that the increase of step

spacing means that the deformation is more localized in each slip.

The spacing obtained after Fe irradiation in this study is signifi-

cantly lower than that reported after proton irradiation (~9e10 mm

for 2.5 dpa) of a SUS304 with a 30 mm grain size [22]. This is in

accordance to the findings of Jiao and Miura and is attributed to the

different penetration depths (or to be precise, the damage depth

relative to the grain size) of the two ions in the material [22,39]. As

the dislocation channel structure is linked to the localization of

plasticity, larger spacing reflects a higher degree of localization

[22].

3.4. IASCC susceptibility

CERT tests were performed at 340 !C in a PWR environment in

order to study the cracking susceptibility after irradiation. Since

only a fraction of the gage length was irradiated (i.e. it had both

unirradiated and irradiated regions), it gave an opportunity to

study the impact of irradiation on cracking susceptibility of the

material with the same environment, surface finish, and loading

conditions. Inspection of the gauge length in both irradiated and

unirradiated areas was performed using SEM. After 4% plastic

strain, many cracks were observed on the irradiated area. An

example of the surface observed in the irradiated area is shown in

Fig. 8a. The intergranular nature of the cracks was clear from sur-

face observations and was verified using transversely cut FIB

samples. Fig. 8a illustrates an example of a random crack with a

length of 60 mm in the irradiated area. The penetration depth of the

crack was measured to be 2.2 mm (Fig. 8b), which seems to indicate

that a crack arrest occurs in the vicinity of the boundary between

irradiated and unirradiated material (recall that the depth of the

irradiated area is ~2.5 mm, as indicated in Fig. 1). The crack initially

Fig. 6. EBSD cartography obtained using FSE after 4% plastic strain in the irradiated

area.

Fig. 7. Probability distribution of slip-line spacing measured in the unirradiated (in red) and Fe irradiated (in blue) region of the same sample after CERT up to 4% plastic defor-

mation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3 This value has been shown to be reproducible based on several sets of mea-

surements on approximately the same grain numbers (25 grains).



propagated along the grain boundaries in a plane perpendicular to

the loading direction and then changed direction. The branching of

the crack was linked to the presence of a Body Cubic Centered (BCC)

phase which was confirmed by EBSD analyses. Based on chemical

analysis performed by TEM EDX, which shows that its chemical

composition was similar to that of the austenite (different from

ferrite), and from the quality patterns from EBSD, this BCC phase

was inferred to be martensite. Complementary investigations on

the origin of martensite phase are in progress. The grain boundaries

cracked were of type RHAB (Randomly High Angle Boundaries)

with angles ranging between 30! and 50!. This type of grain

boundary has been identified to be strongly correlated with

cracking [40].

Most of the cracks in the irradiated region were oriented

perpendicular to the loading direction (Fig. 9a). A mean crack

density of 302 cracks/mm2 and mean crack length of 17 mm were

determined. Surface steps are also clearly visible in this image. An

identical experiment was conducted in inert Argon. Although slip-

line features similar to those described above were observed (see

Fig. 11d), no cracks were observed on this sample. The absence of

cracks for this test emphasizes that for the irradiation conditions

used in this study, a localized strain of 4% is not in itself sufficient

for initiating intergranular cracking. In order for cracking to occur,

grain boundaries must be embrittled, either by the corrosive

environment or by RIS (Radiation Induced Segregation) induced by

high irradiation doses or by the combination of two.

The crack length distribution is given in Fig. 10. Most of the

cracks have lengths in the range 5e30 mm with a significant per-

centage (~45%) around 10 mm. A few cracks have a length up to

60 mm. The majority of the unirradiated area did not present any

cracks, as shown in Fig. 9b. However, careful examination revealed

the presence of a few small cracks in this region. Fig. 9b shows also

that less surface slip-lines are apparently observed in the unirra-

diated region. This could be explained by the fact that for the same

level of plastic strain, localization is less marked for the un-

irradiated area. Localization is linked to the height of the steps, so

with a lower level of localization, less marked steps will be induced

in this area.

Fig. 11 shows enlarged SEM images of different types of crack

initiations. For most cases, the slip lines (i.e. surface steps) (repre-

sented by black dashed lines in Fig. 11) in a deformed grain were in

a single direction, suggesting that one single slip system is domi-

nant for these grains. Moreover, it is evident from the images that

these slip-lines were present on either one or both sides of the

cracked grain boundaries. Such slip-lines are commonly observed

on irradiated stainless steels and have been reported to correspond

to planar slip [9,16]. For a few grains, slip-lines were not visible.

Open cracks are shown in Fig. 11a and b, where smaller cracks are

indicated by white arrows. In Fig. 11a, slip-lines are visible on the

two grains adjacent to the open crack. In this case, slip-lines clearly

intersect the grain boundary where cracking has occurred. The role

of slip-lines in grain boundary cracking is less clear in Fig. 11b,

Fig. 8. a) SEM image of the crack cut using FIB b) zoomed cross-sectional image of the same crack after FIB cutting (yellow line marks the irradiated e unirradiated transition zone)

c) Phase map (obtained using EBSD) of grains around cracks. Green represents austenite phase, while red corresponds to a Body Cubic Centered phase. Grain boundaries are marked

in white dashed lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



where slip lines are nearly parallel to the crack on one of the

adjacent grains, but no slip-lines can be clearly identified in the

second adjacent grain. Crack initiation as a result of the interaction

of slip-lines with grain boundaries is clearly shown in Fig. 11c,

where discontinuous slip between two adjacent grains is observed.

Quantitative characterization of crack initiation sites, as per-

formed in Ref. [19], was not the aim of this study. However, mor-

phologies of cracking similar to that seen in Fig. 11c have been

reported in different studies devoted to IASCC cracking of plasti-

cally strained, irradiated stainless steel, either after neutron irra-

diation [9], or after proton irradiation [17,19,41]. The similarity in

the morphologies of the cracks suggests the possibility of using Fe

irradiation to study intergranular cracking susceptibility of the

material.

4. Conclusions

This study assessed the stress corrosion cracking of 304L

stainless steel irradiated with 10 MeV Fe5þ ions at 450 !C to 5 dpa

and then plastically strained up to 4% in a simulated PWR water

environment. The irradiation-induced microstructure, hardening,

localization of plastic deformation (as measured by slip-lines

spacing), and cracking were characterized based on TEM analyses,

nano-indentation tests, CERT tests, and SEM analyses. The

following results were obtained:

& For 5 dpa, the irradiation-induced microstructure consisted of

Frank loops with density 5 ± 0.9 $ 1021 m#3 and size

13.4 ± 1.9 nm.

& An increase of the bulk hardness of 56% after Fe irradiation was

measured using nano-indentation tests. This increase is linked

to the irradiation-induced microstructure.

& The Fe irradiated region presented a slip-line spacing that was

1.8 times greater than that of the unirradiated region of the

sample. Despite a shallow irradiation depth (irradiation depth/

grain size ~ 0.09), the increase in slip-line spacing suggests an

increase in the degree of localization with Fe irradiation.

& Plastic strain of up to 4% in a PWR environment produced

intergranular cracking of irradiated samples, suggesting an in-

crease in susceptibility of the material with Fe irradiation. Crack

Fig. 9. Surface appearance of CERT specimens deformed up to 4% plastic strain in PWR

environment as observed by SEM a) 5 dpa Fe b) unirradiated region. Loading direction

is indicated below the images.

Fig. 10. Crack length distribution of 5 dpa Fe irradiated after 4% plastic strain.



initiation sites similar to those reported for neutron-irradiated

or proton-irradiated stainless steels were observed.

& No cracks were observed in the Fe irradiated sample that was

plastically strained in an inert environment, which indicates

that for the irradiation conditions used in this study, localized

strain is not in itself capable of initiating intergranular cracking.
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