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1. Introduction

The study of irradiation creep is of interest to assess the per-
formance of austenitic stainless steels for the internal structures of
pressurized water reactors (PWRs). Many irradiation creep data
were experimentally obtained after neutron or ion irradiation.

Most of the macroscopic creep properties of austenitic stainless
steels have been obtained at high irradiation temperatures
(�390 �C), where swelling can be notable, and under fast neutron-
irradiations [1e8]. In these conditions, limited data on the effects of
stress on the microstructure during irradiation have been reported
[1,8e14].

Few studies on irradiation creep properties have been reported
on neutron irradiated steel for lower irradiation temperatures, i.e.
290e390 �C. They were mainly devoted to the determination of
macroscopic properties.

Grossbeck et al., Foster et al. and Garnier et al. [15e19] have
reported irradiation creep data measured in mixed neutron spec-
trum reactors and fast neutron spectrum reactors. They have shown
lt-Laborne).
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that the steady-state irradiation creep rate is higher in mixed re-
actors than in fast reactors (Oak Ridge Research (ORR)/Halden/
Osiris reactors vs. Fast Flux Test Facility (FFTF)/BOR-60 fast re-
actors). The values of steady-state irradiation creep compliance of
SA 304L and CW 316 obtained by Foster et al. [16,17] after irradia-
tion in the HALDEN reactor was found to be the same order of
magnitude as those by Garnier et al. in the OSIRIS reactor [18,19].
The higher creep rates are believed to result from either the lower
flux in the Osiris experiment or from its higher level of thermal
neutrons. Garnier et al. [18,19] have also highlighted that the
threshold stress � dose for irradiation creep is much lower in
mixed reactor than in fast reactor (respectively, ~200 and
~1000 MPa dpa). In these studies, the specimens are pressurized
tubes of solution-annealed 304L (SA 304L) and cold-worked 316
(CW 316) austenitic stainless steels and of cold-worked prime
candidate alloy (CW PCA). This latter alloy is a Ti-modified
14Cre16Ni austenitic stainless steel. SA 304 has a higher steady-
state irradiation creep rate than CW 316. The value of creep rate
of CW PCAwas found to be intermediate between those obtained in
the other two steels.

Microstructural studies have often been conducted on speci-
mens which were neutron-, ion- or electron-irradiated up to a very
low dose under stress [20e28]. They were sometimes based on



nickel rich specimens.
Most of the microstructural studies are exclusively based on the

Frank loop distributions in terms of number density and mean size
within the same grain. Nevertheless, at low dose, the density and
size of Frank loops has not reached a saturation value (typically,
below 3e5 dpa at a temperature of at least 320 �C [29,30]). Studies
of Frank loop anisotropy often gave contradictory response [31,32].
Sometimes, populations were enhanced in proportion to the
normal stress on the loop plane, sometimes not.

Moreover, these loops constitute only a part of the important
features of irradiated austenitic steels. Indeed, recent quantitative
studies using several combined techniques of transmission electron
microscopy (TEM) and atom probe tomography (APT) [33e45] have
shown the presence of precipitates in the austenitic stainless steels
after neutron-irradiation. Their number density and size were
sometimes found to be of the same order of magnitude as those of
Frank loops. So, the possible role of precipitates in irradiation creep
should not be ignored.

Microstructural studies are a tool of interest for the discrimi-
nation of the following principal models of irradiation creep:
stress-induced preferred nucleation (SIPN) of interstitial loops,
stress induced preferred absorption of points defects by disloca-
tions favorably oriented to an applied stress (SIPA) and stress
induced climb and glide (SICG) [8,11,20,21,23e26,46e49]. Indeed,
they allow one to study the possible effect of stress on the parti-
tioning of Frank loops between the four sets of {111} planes of the
austenitic (g) matrix in terms of density and size.

Nowadays, the effect of chemical composition and metallurgical
state on irradiation creep behavior under PWR relevant tempera-
ture up to high doses is still lacking.

The purpose of this work is to clarify the relationship between
microstructure and creep behavior through TEM observations on
the different types of austenitic steel irradiated in the BOR-60 fast
reactor, at 320 �C and with and without applied stresses. By means
of the chemical and metallurgical variations, the effect of stress on
microstructural evolution was carefully examined.

2. Experimental details

2.1. Materials

Different steel grades were investigated. Two grades are repre-
sentative of the materials for the core internals of French PWRs, i.e.
SA 304L and CW 316. Nine other materials with chemical and
metallurgical variations have been chosen for this work. These
materials are SA 316, CW titanium-stabilized 316 (CW 316Ti), SA
titanium-stabilized 316 (SA 316Ti), CW high purity 316 (CWHP316),
CW high purity silicon-modified 316 (CW HP316Si), SA 321, SA
NMF18, CW N9 and SA N9.

Among the different grades reported here, 304 is considered as a
base. The higher molybdenum and nickel content in the 316 grade
allows it to increase corrosion resistance. In the 316Ti grade, an
amount of titanium of about 0.3% in weight is added to retard the
dislocation mobility. It was proven to exhibit a good resistance to
high dose neutron irradiation, especially above 400 �C, in the frame
of the programs related to fuel assemblies for fast breeder reactors.
321 is a titanium-stabilized austenitic stainless steel. It was devel-
oped as an alloy in which the detrimental effects of carbon were
suppressed by addition of a higher amount of titanium, compared
to 316Ti. It is the only grade which is not an as-received material.
For the two high purity 316 grades (HP316 and HP316Si), the
elaboration of materials was carried out controlling the minor el-
ements (low phosphorus, sulphur, etc …). The first material has a
low silicon and carbon content (HP316) and the second material
has a silicon and carbon content typical of the current materials
2

(HP316Si). In 304L, the carbon content is reduced to prevent car-
bide precipitation. In the NMF18 grade, manganese and nitrogen,
two austenite stabilizers, partially replace nickel. Manganese was
chosen due to its lower price than nickel. This latter grade also
contains a relatively high amount of carbon. N9 is a 25% nickel, 12%
chromium austenitic alloy stabilized with titanium (about 0.51% in
weight). Strong addition of nickel is known to lower work hard-
ening and the opposite effect is observed with decreasing of the
chromium content.

Their metallurgical state, cold-working level, chemical compo-
sition and grain size are listed in Table 1.

2.2. Irradiation conditions for gas-pressurized tubes and tensile
specimens, and irradiation creep tests

The experiment in the BOR-60 sodium-cooled fast neutron
reactor was conducted in Row 5. The specimens were contained in
seven perforated cylindrical baskets. These seven baskets were
placed in a rig and irradiated in direct contact with the flowing
sodium. Dosimeters and thermocoupleswere respectively placed at
the level of each basket and at the coolant inlet and outlet of the rig.
The lowest and highest temperatureswere respectively ~315 �C and
~325 �C. The increase of temperature of sodium in the rig varied
from 8.6 to 11.5 �C (averaged over a cycle). The temperature of all
the specimens remained close to ~320 �C.

Pressurized tubes were placed side-by-side in BOR-60 to pro-
vide identical irradiations within the same basket. This basket was
located on level #1 and was not necessarily kept in the same dose
rate from one irradiation cycle to the next, which occasionally
resulted in small dose differences from one irradiation cycle to the
next. Around 22 dpa are produced for the five annual irradiation
cycles and 8.4 dpa for the preliminary sixth months cycle. The dose
rate ranged from ~9.10�7 to ~1.10�6 dpa/s.

Thin-walled inert gas-filled tubes with welded end-caps were
fabricated from different steel grades. The shape of the creep tubes
is given in Fig. 1. The tubes were 55 mm in length and 5.65 mm in
inner diameter. Their length between the two grooves was 36 mm.
The tube wall was 0.45 mm thick. Pressurizationwas accomplished
with argon gas, except for the CW 316Ti tube pressurized with
helium.

The constant stress imposed by the inner gas pressure in the
tube walls is biaxial. Different levels of stress were achieved using
several pressurized tube specimens. A summary of the dose and
hoop stress levels experienced by the pressurized tubes studied is
shown in Table 2.

The length and the diameter of the pressurized tubes are
measured using a laser profilometry technique at room tempera-
ture on the outer surface. They were scanned three times axially
with an axial step of 25 mm and circumferentially, with a step of 45�

for three positions along the axis of the tube (�10, 0 and þ 10 nm).
Diametrical profiles of the tube specimens were all not available,
but the values of the length variation were all obtained. The mea-
surements were performed in a hot cell by the research institute of
atomic reactors (RIAR) near Dimitrovgrad after unloading of sam-
ples from BOR-60 at regular intervals.

All the small cylindrical tensile specimens were not placed
within the same basket. For each irradiation cycle, they were not
systematically in the same basket. Depending on the location of
baskets and the irradiation cycle, the dose rate ranged from ~7.10�7

to ~1.10�6 dpa/s. The evolution of dose rate as a function of the rig
length is relatively flat between Basket 1 and Basket 5. The
maximum deviation was about 5%. For Basket 6 and Basket 7, the
deviation from Basket 1 was less than 25%.

The shape of tensile specimen is indicated in Fig. 2 [50].
In order to better exclude specimen-to-specimen variability, the



Table 1
Metallurgical state, cold-working level, bulk composition (in wt%) and grain size of steel grades examined.

Material (heat) Fe C Cr Ni Mo Mn Si S P Cu Co Al Ti B N Grain size, mm

Wt% Wt ppm

SA 304L
(11922)

Bal 0.022 18.61 9.86 e 1.79 0.36 0.0007 0.032 0.25 0.06 e e 9 610 30e40

SA 316
(32867)

Bal 0.054 16.60 10.60 2.25 1.12 0.68 0.022 0.027 0.24 0.12 e <0.01 5 230 30e60

15% CW 316
(32867)

20e60

SA 316Ti
(ESR 2992)

Bal 0.058 17.4 12.8 2.36 1.9 0.83 0.007 0.021 0.05 0.05 0.02 0.28 25 284 60

20% CW 316Ti
(ESR 2992)

60e90

20% CW HP316
(EM613)

Bal 0.01 17.5 13.6 2.4 1.3 e 0.001 <0.001 e e e e e 10 20e30

20% CW HP316Si
(EM614)

Bal 0.05 17.5 13.6 2.4 1.3 0.8 0.002 <0.001 e e e e e 10 20

SA N9
(HX3853/1)

Bal 0.068 11.68 25.74 1.74 1.82 0.76 0.002 0.008 e e 0.009 0.51 65 45 40

21% CW N9
(HX3853/1)

60

SA 321
(93102)

Bal 0.059 17.9 10.1 0.24 1.67 0.51 0.013 0.027 e e e 0.59 18 9 90e130

SA NMF18
(ZA526)

Bal 0.123 17.6 0.45 0.17 18.6 0.53 0.001 0.025 0.1 e e e e 5600 60e80

Note: For the grades available in both SA and CW states (316, 316Ti and N9 stainless steels), they were initially cold worked, then solution annealed by CEA.

Fig. 1. Pressurized tube for irradiation creep.

Table 2
Hoop stress and dose levels of pressurized tubes studied.

Steel grade Specimen reference Hoop stress, MPa Dose, dpa

SA 304L A74 220 28.1, 41.2*, 51.6*, 69.3, 94.5, 119.9
A79 150
A80 188 19.8, 32.8*, 43.2*, 60.9, 86.1
A82 127
A110 188 22.3, 47.5, 72.9
A109 127 22.3, 47.5

CW 316 B64 220 28.1, 41.2*, 51.6*, 69.3, 94.5, 119.9
B65 150
B67 188 19.8, 32.8*, 43.2*, 60.9, 86.1
B66 127
B121 127 22.3, 47.5, 72.9

SA 316 C5 188 24.5
CW N9 NB17 188 13, 23.5, 41.2, 66.4

NB18 127
CW HP 316 PB13 188 19.8
CW HP 316Si PC13 188 19.8

PC14 127
CW 316Ti K24 188 13*, 23.5*, 41.2, 66.4, 91.8
SA 316Ti HT3 188 25.4
SA NMF18 VH13 188 25.4
SA 321 RB19 188 24.5

Note: Dose levels with (*) were obtained at the middle of two irradiation cycles. Creep behavior of the tubes with references in bold were studied by Garnier et al. [49].
tubes and tensile specimens came from the same heat: the tube
wall, the end-cap and the tensile specimen underwent the same
thermomechanical treatment (Table 1).
3

2.3. TEM examinations

After irradiation creep measurements, some gas-pressurized
tubes (GPT) and some tensile specimens were used for TEM ex-
aminations (Table 3).

Slices were sectioned from the end-cap of the gas-pressurized



tubes and the head of the tensile specimens for unstressed condi-
tions (0 MPa) and from the wall of the gas-pressurized tubes for
stressed conditions (188e220 MPa).

All slices were mechanically thinned down to about 100 mm. 3-
mm disks were punched from these slices and thinned using a
Tenupol-5 twin-jet electropolisher.

Microstructural examinations were performed using a JEOL
2010 field-emission-gun TEM and a JEOL 2100 LaB6 TEM both
operating at 200 kV. The used techniques were conventional bright
field- and dark field-TEM (CBF- and CDF-TEM) imaging and electron
diffraction. The studied zone axes of the g matrix were of type
〈001〉, 〈011〉 and 〈111〉.

The second microscope is equipped with a GATAN imaging filter
(GIF Tridiem) for performing thickness measurements using elec-
tron energy loss spectroscopy (EELS) and chemical analyzes using
energy filtered imaging (EF-TEM).

Thickness measurements performed on some TEM foils have
shown that the investigated areas can have a thickness value
ranging from 70 to 150 nm. In practice, the CBF- and CDF-TEM
images acquired in several different perforation zones of TEM
foils for obtaining a better statistic of each type of defects are often
too numerous to allow thickness measurements to be carried out
systematically. Moreover, in order to minimize variations in thick-
ness, the specimen holder was not strongly tilted. Thereby, the best
way to compare concentration of radiation defects between various
steel grades is to present the results of density of these defects with
an error bar to take into account the thickness variation.

EF-TEM imaging was used to identify the chemical species
present in precipitates. The methods of acquisition of EF-TEM

images are detailed in previous studies [39e41]. Only precipitates
which are located on the specimen edge were analyzed in order to
avoid noticeable influence of the g matrix.

Radiation-induced defect counting was performed by semi-
automatic image analysis.

3. Results

3.1. Pressurized tube data

Fig. 3 shows the results of CW N9 tubes irradiated up to ~66 dpa
with hoop stresses of 127e188MPa and of CW 316Ti tube irradiated
up to 91 dpa with a hoop stress of 188 MPa. Note that no compa-
rable specimen is available at 0 MPa. The evolution of the outer
diametrical strain of tubes as a function of dose is linear. The strain
rate increases with increasing stress level. Note that in low dose
region, the 0 dpa intercept of the linear fit is negative. There is a

Fig. 2. Cylindrical specimen for tensile test.

Table 3
Type of austenitic steel, shape of specimen, dose and stress level for the TEM foils studied.

Materials Basket Shape of specimen Specimen reference Dose, dpa Hoop stress level, MPa

SA 304L 1 GPT A80 ~86 0
188

A74 ~120 0
220

SA 316 1 GPT C5 ~25 188
15% CW 316 GPT B67 ~86 0

188
20% CW 316Ti 1 GPT K24 ~91 0

188
20% CW HP316 5 TS PB5 19.6 0

1 GPT PB13 ~20 0
188

20% CW HP316Si 5 TS PC9 19.6 0
1 GPT PC13 ~20 0

188
20% CW 316Ti 5 TS K37 20.6 0

5 and then 2 K33 40
SA 316Ti 5 TS H11 20.6 0

5 and then 7 H7 35.2
SA N9 6 TS NB41 17.7 0
SA 321 6 TS RB1 17.5 0
SA NMF18 2 TS VH1 19.5 0

Fig. 3. Evolution of in-reactor creep as a function of dose for CW N9 and CW 316Ti at
different stress levels.
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threshold dose, about a few dpa, abovewhich the variation of strain
is positive. In the case of CW N9, a stress dependence of threshold
dose is observed. The higher the stress level is, the lower the
threshold dose level is.

Fig. 4 shows the variation in diameter of CW 316Ti, CW N9, CW
HP316, CW HP316Si, CW NMF18, SA 321, SA 316 and SA 316Ti as a
function of hoop stress and dose levels. Note that a single mea-
surement was performed for some grades, namely CW HP316, SA
316, SA 316Ti, SA 321 and SA NMF 18, and two measurements for
CW HP316Si. The results obtained in CW N9 and CW 316Ti
confirmed the linear variation in diametrical strain as a function of
stress � dose reported in Ref. [49].

From the limited available data, a threshold above which the
diametrical variation is positive appears to occur at higher stress �
dose levels for CW 316, SA 304L and CW N9 than for CW 316Ti.

No significant variations in the length of the tubes were noticed:
the measured values were found to be relatively scattered in the
very small range [-0.54, 0.3] in percent. These results suggest that
swelling is nil or negligible in the conditions of temperature, dose
rate and neutron spectrum used in this study. Otherwise, this hy-
pothesis is validated by TEM observations (see in section 3.2.): no
cavities were observed.

In light of the results, the effective strain of irradiation creep can
be described by the following equation [49]:

ε ¼ B0ðsft � B1Þ

where s and ε are respectively the effective Von Mises stress and
the effective strain. B0 is the swelling independent steady-state
irradiation creep compliance, B1 corresponds to the threshold
stress � dose for steady-state irradiation creep, 4 the flux and t the
duration of irradiation. For a thin-walled tube, the effective stress s

is equal to the hoop stress sq multiplied by a factor of
ffiffiffi
3

p
=2 and the

effective strain ε to the tangential strain εq multiplied by a factor of
2=

ffiffiffi
3

p
. In order to calculate B0 in the standard manner for com-

parison with literature values, a mid-wall correction was made.
This correction consists in using the average diameter of the tube
Dav instead of the external diameter Dext with Dav ¼ ðDext þ DinÞ=2.
The diametrical strain εq is estimated by the average diameter
variation εq ¼ DDav=Dav

0 . Since the inner diameter (and the thick-
ness) cannot be measured after creep irradiation, it has been esti-
mated on the principle of conservation of volume. The details of
formulas and equations are given in Appendix.

The values of the irradiation creep coefficients of the steel
grades studied is shown in Table 4. The compliance value of CW N9
is higher than that obtained in SA 304L. CW 316Ti has the lowest
value of compliance. The value of CW 316 is intermediate between
those of SA 304L and CW 316Ti and is in good agreement with the
values obtained by Grossbeck et al. and Foster et al. after irradiation
at 330 �C [15,16]. The irradiation creep threshold is about
800 MPa dpa, except for that of CW 316Ti which is about
380 MPa dpa.

As to the other steel grades for which there are fewer experi-
mental points, the value of irradiation creep threshold may be
between 0 and over 800 MPa dpa. Therefore, one can expect to a
possible large scatter of compliance values. Values can exceed that
indicated in Table 4. For the same chemical composition, it is not
clear whether SA steels have a smaller incubation threshold than
CW steels or not (SA 316Ti versus CW 316Ti and SA 316 versus CW
316).

As already shown by Garnier et al. [49], the steady-state irra-
diation creep rate of SA 304L is significantly higher than that of CW
316. Based on the fact that SA 316 has a threshold value superior or
equal to 0 and thus a higher rate than CW 316, the difference of rate
is assumed to be due mainly to the initial thermo-mechanical
treatment (cold-working). This effect of the initial thermo-
mechanical treatment is more apparent concerning 316Ti. The
creep rate of CW 316Ti is slightly lower than that observed in CW
316, indicating that a higher cold working level possibly induces a
decrease in creep rate (20% for CW 316Ti and 15% for CW 316).

If SA 316, SA 316Ti and SA 304L really have the same creep rate,
the small difference of concentration of the major and minor
alloying elements should have no significant effect on this rate.

Although initially cold-worked, N9 has a similar behavior to SA
304L, indicating a possible effect of concentration in major ele-
ments as Cr and Ni on creep rate (12%Cr and ~26%Ni for N9 instead
of 17e19%Cr and 10e11%Ni for 304L and 316).

Although solution-annealed, NMF18 has the lowest variation in

Fig. 4. Variation in diametrical strain as a function of stress and dose for (a) SA 304L,
CW 316, CW 316Ti and CW N9 (experimental points and strain linear fits (represented
by the dashed lines)) and for (b) all the steel grades. In (b), for more clarity, the
experimental points of SA 304L, CW 316, CW 316Ti and CW N9 were removed.

Table 4
Irradiation creep coefficients of different austenitic steel grades at steady state. In
the frame of the present study, data from specimens detailed in Ref. [49] (and
completed in this study) have been reprocessed, leading to new values for B0 and B1.

Austenitic steel grades Bo , 10�6 MPa�1 dpa�1 B1, MPa dpa

SA 304L 3.55 811
CW 316 2.55 729
CW 316Ti 1.97 379
CW N9 4.15 827
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diameter. To date, in the absence of the threshold value, the effect of
manganese, instead of nickel, on decreasing of creep rate of
austenitic steel could not be examined.

Whatever the value of its incubation threshold, SA 321 creeps
faster than SA 304L. These two types of steel have similar chemical
compositions. The grain size was found to be relatively high
compared to the other steel grades. Therefore, a higher grain size
possibly induces an increasing of creep rate.

As to CW HP316 whose variation in diameter is significantly
higher than that of CW 316, it is likely that CW HP316 creeps faster
than CW 316. Without exactly knowing the threshold value of CW
HP316Si, this latter steel (on the basis of only two results) tends to
exhibit the same creep rate as CW 316. The comparison of creep
rate between CW HP316Si, CW HP316 and CW 316 is not easy to
draw reliable conclusions on the effect of minor alloying elements
(or impurities) on creep rate of CW 316. Indeed, CW HP316, CW
HP316Si and CW316 have different chemical compositions in terms
of contents of major and minor alloying elements (Cr, Ni, Cu, Co, Al,
B and N). These different contents prevent to investigate the impact
of silicon and carbon on possible decrease of creep rate of CW 316.

To summarize, the parameters, which make it possible to
improve the steady-state irradiation creep resistance of austenitic
steel, have been identified. Cold-worked structure, noticeable
decrease of Ni content (at least, between 0.5 and 26%) and perhaps
decrease of grain size tend to decrease its steady-state irradiation
creep rate. These effects are visible especially at high dose and
stress levels.

3.2. TEM observations

Frank-faulted loops and dislocation lines were all present in the
microstructure of the different austenitic steels irradiated between
17.5 and 120 dpa at 320 �C with and without hoop stress.
Depending on the grade of steels, precipitates were finely produced
by irradiation. They could be abundant. No cavities were detectable.
As to twins, they were present in CW specimens and also in highly
irradiated SA 304L with a stress of 220 MPa. The irradiated
microstructure can be also characterized by a high density of
possible “black dots”. This other microstructural component is
commonly called defect clusters and is too small to resolve in TEM
(Typically, £ 2e4 nm). Black dots are especially taken into consid-
eration at low temperatures (below 300 �C) at which no pre-
cipitates are detectable and fairly large Frank loops or stacking fault
tetrahedrons (SFT) exist in a small amount. Frank loops, SFTs and
sometimes precipitates have characteristic shapes. These shapes
are distinguishable if the defects are well separated from each
other. In the present study, i.e. with highly irradiated steels, Frank
loops, perfect dislocations and sometimes precipitates were found
to be very close to each other. The shape of very fragmented
dislocation lines, small Frank loops and precipitates could lead to
the same contrast as black dots. For these reasons, bright field
images (black dots) and even weak beam dark field images (white
dots) were of little use to examine the possible black dots and thus
to determine their number density or size with a high accuracy.

3.2.1. Twins
Twins formed by the initial cold-work are unaffected by irra-

diation and hoop stress (Fig. 5).
Isolated nanotwins were observed especially in rare grains of SA

304L irradiated under a hoop stress of 220MPa. It may be due to the
high level of applied stress. Prior to irradiation and at 320 �C, the
yield stress appears to be about 210 MPa [50].

3.2.2. Frank loop structure
{111}-faulted dislocation loops, i.e., Frank loops, were present in
6

all the irradiated steel grades regardless of their metallurgical state
and the level of hoop stress applied under irradiation. The loops
produce distinctive satellite spots around the matrix reflections.
These satellite spots arise from extended diffraction streaks
(reciprocal lattice rods (relrods)) perpendicular to the four sets of
{111}g planes. As shown in Fig. 6, the CDF-TEM images taken with
one of the 〈111〉g relrods revealed one Frank loop variant. The four
sets of 〈111〉 diffraction streaks are visible in two-beam conditions
[9,39].

There are different ways to visualize the distribution of Frank
loops in the four sets of {111}g planes inside the same grain of steel
without having to tilt this grain to get access to each of these sets in
CDF-TEM imaging [9,38,39,51]. In this condition, a similar thickness
of the foil is seen for the four Frank loop variants. This is the case in
this study where the four satellite spots in the [001] diffraction
pattern were selected to visualize the Frank loops.

At unstressed conditions, the Frank loop density, mean size, and
size range for each austenitic steel grade are displayed in Figs. 7 and
8. Almost the same order of magnitude for the Frank loop density of
the different grades can be noticed at a dose of ~20 dpa. Based on a
single dose value, no firm conclusion can be drawn as to the
possible effect of chemical composition and metallurgical state on
the Frank loop density. At higher dose levels, SA and CW 316Ti, SA
304L and CW 316 revealed a similar value of the Frank loop density
(Fig. 8(a)). Significant differences are mainly reported for higher
irradiation temperatures, for several doses and for SA 304L, SA 316
and CW 316 [41].

Whatever the dose value, no notable differences occur in the
Frank loop mean size and size range, except in the maximal size,
which is twice as high in SA NMF18 and CW HP316 as in the other
grades (Figs. 7 and 8(b)). In CDF-TEM imaging, the loop detection
limit is about 2 nm. No minimal loop size beyond 2e3 nm was
observed.

Although the unstressed materials were not all in the same
basket, the loop density and mean size observed in these materials
cover a similar range of density and size, respectively. This means
that at least at ~320 �C, the dose rate range studied had no signif-
icant effect on the loop microstructure. The values of the Frank loop
density and mean size are similar to that obtained by Yang et al.
[42,52] who examined different steel grades such as SA 304, SA
HP304L, SA 304-low S, SA 304-high S, SA 316-low C, high N, ….
These steels were irradiated up to 25 dpa at 320 �C in BOR-60.

As shown in Fig. 9, no anisotropy of the loop distribution in
{111}g planes was observed, for example in unstressed SA 304L. In
other words, the Frank loop density and size are similar in the four
sets of {111}g planes.

With a hoop stress of 188 MPa applied under irradiation in SA
304L, SA 316, CW HP316 and CW HP316Si, no notable partitioning
of Frank loops occurs except for CW HP316 for both the density and
mean size and CW HP316Si notably for the mean size. The corre-
sponding distribution of Frank loops in the four sets of {111}g planes
of each grain in terms of density and mean size is shown in Figs. 9
and 10. In CW HP316, the fraction of total loop population on the
four sets of {111}g planes is respectively 40.3, 39.9, 13.9 and 7%.

The total density of Frank loops is lower with a stress applied
under irradiation than without stress. The opposite effect is
observed in size.

It is noted here that it was not possible to obtain images arising
from 〈001〉g zone axis of SA 304L irradiatedwith a stress of 220MPa
and CW 316 and CW 316Ti irradiatedwith a stress of 188MPa in the
thickness of interest. Therefore, for these specimens, the possible
partitioning of Frank loops between the different planes could not
be examined. Nevertheless, the same tendency for the stress effect
on density and size is noticedwith dark-field images obtained using
the relrod near the (002)g reflection in the following condition



Fig. 5. Twins in CW HP316Si (a,b) before and (c,d) after irradiation to ~20 dpa with a hoop stress of 188 MPa. On the left, STEM-BF images and on the right, STEM-HAADF.
B ~ [110]g, g ¼ [1e13]g.
Fig. 11 illustrates the dose dependence of Frank loop charac-

teristics observed in SA 304L, CW 316, CW 316Ti, CW HP316, CW
HP316Si and SA 316, with and without stress. The results obtained
from the unstressed specimens were published in previous studies
[29,37,38]. The values of the loop density are given for an assumed
thickness of the foil of 100 nm. Without stress applied under irra-
diation, the value of the Frank loop density per {111}g plane in-
creases notably at low doses. It is the same for the mean loop size.
Above around 10 dpa, themicrostructure of Frank loops approaches
a quasi-equilibrium state or a steady state. For all the grades but CW
316Ti, the mechanical stress applied under irradiation induces a
decrease of the Frank loop density and an increase of their size,
compared to those measured after irradiation without stress. Ac-
cording to the steel grades, the decrease factor of density varies
from 2.3 to 5.7.
3.2.3. Dislocation lines
Fig. 12 shows a dense population of dislocation line segments

throughout the gmatrix of CW 316Ti, in gz [1e11]g contrast near a
(110)g foil. Unlike dislocation lines induced to higher neutron-
irradiation temperatures (>450 �C), they seem to be very close to
each other. The image of dislocations was taken in a low thickness,
typically 10e50 nm (measured from thickness map in EF-TEM),
which enables to restrict the contrast of the strain fields induced
by Frank loops, perfect dislocations, and precipitates.

In the thickness of interest usually used to image each type of
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radiation defects on the case-by-case basis, the strain fields from
numerous Frank loops, perfect dislocations, and precipitates over-
whelm the microstructure contrast in CBF imaging condition. Their
tiny distance often makes perfect dislocations barely visible, even
sometimes with a weak-beam dark-field image.

The dislocation microstructure observed in stressed and un-
stressed irradiated specimens is very different from the initial
dislocation network with dislocation cells, as observed in unirra-
diated CW austenitic steel (Fig. 5). The dislocation segments seem
to correspond to those formed from the accumulation of radiation-
induced defects rather than the direct remnants of the CW dislo-
cation structure. The perfect dislocation microstructure changes
during irradiation from one containing a dislocation cell structure
for CW steel grades and some dislocations widely dispersed for SA
steel grades to one apparently containing a dense homogeneous
spatial distribution of dislocation segments.

After irradiation, the dislocation density is roughly superior to
1.1015 m�2 in the condition B ¼ [110]g, g z [1e11]g. As dislocation
segments were found to be not all distinguishable, leading to
scattered data, it was not possible to examine the evolution of
dislocation density as a function of dose with and without stress for
each steel grade.
3.2.4. Precipitates
Precipitates can be visualized using CDF-TEM, high contrast

Moir�e fringe (if there is a lattice mismatch with respect to the g
matrix) or EF-TEM imaging (Figs. 13e16).



As shown in Fig. 13(a), the relative position of reflection spots of
precipitates compared to the g matrix of irradiated SA N9 is
consistent with the existence of the Ni3Si (g0)-type precipitates. The
g0 precipitates adopt ordered variations of the face-centered cube
(FCC) lattice and have a cube-on-cube orientation relationship with
the g matrix [53e56]. Their superlattice reflection spots have been
indexed with respect to the matrix reflection spots. In Table 5, the
values of the a0 lattice parameters are given as measured on the
SAD pattern. These values agree well with reference powder
diffraction data for both g0 and g. The g0 precipitates are nano-sized
and irregular-shaped particles (Fig. 13(b)). Their spatial distribution
is homogeneous.

No visible g0 precipitates were found in other grades. However,
precipitates with a high lattice mismatch with respect to the g
matrix were observed in those other grades.

Reflection spots of precipitates in SAD patterns can be invisible,
mainly for weakly irradiated specimens. In zone axis, that is to say
in many/multi-beam condition, diffraction occurs for all the
reciprocal lattice points lying close to the Ewald sphere
(Fig. 14(a,b,c)). However, those points are not as intense as the
central [000] beam since the former points do not lie exactly on the
Ewald sphere. Two-beam condition brings a particular reciprocal
lattice vector g(hkl) exactly on this sphere. This makes particular
matrix reflection as intense as the central beam. This is particularly
useful for highlighting the precipitate reflection spots of low in-
tensity located between these transmitted and diffracted spots
(Fig. 14(d)). The intensity of other reflection spots of the gmatrix is
low because these spots are far away from the Ewald sphere.

With increasing doses and regardless of steel grades, precipitate
reflection spots become more visible in two-beam/multi-beam
conditions.

SAD patterns clearly reveal reflection spots from an FCC lattice. A
cube-on-cube orientation relationship ([100]ppt jj [100]g, (010)ppt jj
(010)g)) between the g matrix and the precipitates (Fig. 14(a,b,c,d))
was found. The reflections of the form {00l}, with odd numbers in l,
are forbidden. Their precipitate reflection spots have been indexed
with respect to the g matrix lattice. The d(hkl)-spacings for the
precipitate were measured and the corresponding lattice parame-
ters are provided in Table 5. The precipitate lattice parameter ap-
pears to be slightly greater than three times that of the g matrix.

There are three known precipitate phase which have structures
which may be interpreted as face-centered cubic [54,57,58]: t
(M23X6, whereM is a transition element and X¼C, Si…) carbides, h
(M6X) carbides or G (M6Ni16Si7)-silicides. The values of the a0 lat-
tice parameters measured on the basis of SAD patterns are listed
with reference powder diffraction data for g, t, h and G (Table 5). A
good agreement between the reference and experimental data for
the g matrix is noted. As to the precipitates, best fit seems to be
achieved for the t carbides, however the G-phase is also probable.
The h carbides have a space group Fd-3m, i.e. a diamond cubic
structure, instead of Fm3m for the other two types of precipitates.
However, no missing or weak spots, i.e. {200} or {420}, in SAD from
the h carbides were found. Otherwise, these missing spots could be
masked by non-zero intensity spots from other types of
precipitates.

Furthermore, the G phase has already been observed in low-
nickel austenitic stainless steels during neutron irradiation at
very low dose rates [36]. In these steels, it was found that the
nanometric G-phase precipitates have a lattice parameter slightly

Fig. 6. CDF-TEM images of (a) inclined and (b) edge-on Frank loops observed in SA
304L irradiated up to 86 dpa with a hoop stress of 188 MPa. Corresponding diffraction
patterns are shown as insets. One of the four 〈111〉g relrods for imaging of one variant
of Frank loops is indicated by red circle. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 7. (a) Density, (b) mean size, and range size of Frank loops for the different steel
grades at a dose of about 20 dpa without stress. Here, the overall density corresponds
to one Frank loop variant multiplied by four to account for all of the possible Frank loop
variants. The results of SA 304L and CW 316 were yielded in Ref. [29].
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smaller than that of classical G-phase precipitates [59e63]. Unfor-
tunately, the value of their lattice parameter, and the nature of the
specific orientation relationship between the matrix and these
precipitates have not been provided. Williams [57] reported that
the G-phase particles observed in irradiated FV548 steel had a
parallel orientation relationship with the g matrix.

Fig. 14(e) shows the presence of many nanoscale precipitates in
CDF-TEM imaging after placing a small objective aperture around

the reflection spot positioned at ~2/3 from the distance between
(000)g and (�220)g under B ~ [110]g and g ¼ [�220]g. Even if
precipitate reflection spots are not visible and despite the use of
two-beam conditions, it is sometimes possible to visualize pre-
cipitates in CDF-TEM imaging condition by placing a small objective
aperture in blind at their theoretical position. Here, this position is
located at 2/3 from the distance between (000)g and (�220)g. The
precipitates are in the form of nano-sized and round/oval-shaped
platelets (Fig. 14(e)). Their spatial distribution is homogeneous.

In highly irradiated specimens of SA 304L and CW 316Ti
(�91 dpa), SAD patterns, in particular around 〈001〉g zone axis,
reveal additional precipitate reflection spots (Fig. 14(b,c)). Further
studies are needed to determine the number of possible crystallo-
graphic phases or variants. Based on the results obtained from EF-
TEM images (see below, Fig. 16), there might be several variants.

Small precipitates of high lattice mismatch with respect to the g
matrix can also be studied using high contrast Moir�e fringe imaging
(Fig. 14(f)). Here, the lattice fringes in the following condition B ~
[110]g and g¼ [002]g are almost parallel Moir�e fringes. Indeed, each
precipitate has a Moir�e fringe that is almost aligned with the {002}g
planes. This indicates that precipitate reflection spot in the
diffraction pattern is close to that of the g matrix. They clearly
appear if the precipitate size is twice as high as the spacing of Moir�e
fringes. Fig. 15 illustrates that at low doses, all Moir�e fringes are not
visible if the precipitate mean size is inferior or equal to 5 nm. On
the contrary, CDF-TEM imaging allows us to visualize the smaller
precipitates. The precipitates appear as nano-sized and round/oval-
shaped platelets and are distributed homogeneously.

The value of the d(hkl)-spacing given from the Moir�e fringe
spacing D ¼ 18e22 ± 1 Å and d002

matrix ¼ 1.8 Å in the following con-
dition B ~ [110]g and g ¼ [002]g is about 1.66e1.68 Å. Among the
precipitates identified in austenitic steels irradiated at higher
temperature, this calculated value may correspond to the reticular
distance d600 of h carbides (Powder Diffraction File (PDF) N�04-
008-9162). It is however not excluded that it may also be t carbides

(PDF N�04-007-1216) or G-phase (PDF N�04-001-5050).
The EF-TEM images taken with the three-window method for

three major chemical elements in CW 316Ti irradiated to around 91
dpa without stress are shown in Fig. 16. In the Fe L2,3 and Cr L2,3
elemental maps, numerous nano-sized and round/oval-shaped
regions are clearly visible (Fig. 16(a,b)). These regions are
depleted in Fe and Cr relative to the gmatrix chemical composition.
When compared to the Ni L2,3 elemental map shown in Fig. 16(c),

Fig. 8. Frank loop (a) density, (b)mean size and size range for the different steel grades
at a dose of 35e40 dpa without stress. Here, the overall density corresponds to one
Frank loop variant multiplied by four to account for all of the possible Frank loop
variants. The results of SA 304L and CW 316 were yielded in Ref. [29].

Fig. 9. (a) Density and (b) mean size of Frank loops per {111}g plane observed in SA 304L irradiated up to high doses with and without a stress ranging from 188 to 220 MPa. Each
{111}g plane in italic corresponds to each satellite spot in the following conditions B ~ [001]g, g ¼ [220]g. The underlined (111)g plane corresponds to the extended streak visible
around the (002)g reflection in the following conditions B ~ [�110]g, g ¼ [113]g.
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the regions depleted in Fe and Cr correlatewell with Ni enrichment.
There is a single type of precipitates. Their size of about 8 nm and
their morphology/shape are similar to those provided by CDF-TEM
and Moir�e fringe imaging.

The results of Energy Dispersive Spectroscopy (EDS) analysis
obtained from the various precipitates observed in 300-series
austenitic stainless steels after irradiation at higher temperature
revealed that h carbides are typically rich in nickel, chromium, and
silicon and can contain iron, and that t carbides are mainly rich in
chromiumwith a low solubility for nickel and silicon. In this work,
the absence of Cr enrichment excludes the presence of t carbides.

By comparison with EDS spectra obtained in G particles, which
show a high concentration of nickel and silicon, and a nonzero
concentration of manganese, iron, molybdenum and even some-
times Fe and Cr, the nickel-rich precipitates could also match with
G-phase [63,64]. Therefore, on the basis of these chemical in-
vestigations obtained up to now, the small platelets are classified as
h carbides or G phase. Their clear differentiation is only possible
when using EELS and EF-TEM imaging with a detection of carbon,
silicon and manganese at the nanoscale. Nevertheless, due to the
low concentration of these chemical elements, less than about 2%
wt, their detection was often difficult using these methods. The C K

Fig. 10. (a) Density and (b) mean size of Frank loops per {111}g plane observed in various stainless steels irradiated up to 20e25 dpa with or without a stress of 188 MPa. Each {111}g
plane in italic corresponds to each satellite spot in the following conditions B ~ [001]g, g ¼ [220]g. The underlined (111)g plane corresponds to the extended streak visible around the
(002)g reflection in the following conditions B ~ [�110]g, g ¼ [113]g.

Fig. 11. Evolution of the Frank loop density (dashed lines) and mean size (continuous lines) in (a) SA 304L, (b) CW 316, (c) CW 316Ti, (d) CW HP316, CW HP316Si and SA 316 as a
function of dose with (open dots) and without (filled dots) a stress ranging from 188 to 220 MPa [29,37,38].
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signal is near the detection limit and may also be due to carbon
contamination during investigation. Mn L2,3 elemental map is hard
to obtain because of overlapping closely adjacent Cr L2,3 (575 eV)
and Mn L2,3 (641 eV) edges. Especially with the precipitates in the
form of thin platelets, Si enrichment or depletion is hard to detect.

The results obtained by CDF-TEM, Moir�e fringe and EF-TEM
combined imaging, even if giving lot of information, reveal that
further investigations are needed to identify the precipitates. By
comparisonwith the results obtained by Refs. [60,62], it may be the
G-phase precipitates with a lattice parameter smaller than that of
classical G-phase precipitates. Anyways, there are many

precipitates that have a lattice mismatch with respect to the g
matrix.

From a quantitative point of view, the precipitate density and
size are respectively of order of 1020e7 � 1021 m�3 and 6e7 nm in
SA 304L, SA 316Ti, CW 316 and CW 316Ti (Table 6). No fine pre-
cipitation could be noticed in SA NMF18, SA 321, CWHP316 and CW
HP316Si. As to SA N9 grade, the indefinite shape of precipitates,
with the bottom of images which was not very dark, did not allow
them to be quantified.

The evolution of the precipitate density and size in SA 304L, CW
316, CW 316Ti, CW HP316, CW HP316Si and SA 316 as a function of
dose with and without stress is plotted in Fig. 17. The results ob-
tained from the head of the tensile specimens irradiated at doses
different from those shown in Table 3 were published in previous
studies [37,38].

Without stress applied under irradiation, precipitation is

intense in CW 316 whereas it increases extensively in SA 304L
notably in terms of density. As to the precipitate size, it increases
gradually.

With stress, the precipitate density and size increase mainly in
SA 304L and CW HP316Si grades. No precipitates could be found in
CW HP316. With the same size around 20 dpa, the precipitate
density is an order of magnitude lower in CW HP316Si irradiated
with stress than SA 304L, CW 316 and CW 316Ti irradiated without
stress.

Fig. 12. Dislocation lines near a bend fringe in CW 316Ti irradiated up to ~91 dpa under
a hoop stress of 188 MPa. B ~ [110]g, g ~ [1e11]g.

Fig. 13. SA N9 irradiated up to 17.7 dpa without stress. (a) SAD pattern taken with B ¼ [100]g, (b) CDF-TEM image taken from the (�110)g0 reflection spot in the condition B ~ [110]g,
g ¼ [�220]g.

Table 5
Mean values of lattice parameter for the gmatrix and different precipitates. According to the correspondingMiller indices, the lattice parameter of precipitates in CW316Ti can
vary from 10.1 to 11.25 Å.
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4. Summary and discussion

4.1. Microstructural observations

The data presented in this paper show the effect of stress
applied under irradiation on microstructure, thus providing a way
of identifying the microstructural components involved during the
linear regime of irradiation creep. Dislocation line segments, Frank
loops, precipitates and twins were present in the microstructure of
the different austenitic steels irradiated with and without stress.
Considering that the detection limit of cavities (voids and/or bub-
bles) is around 1 nm, no cavity formationwas found in stressed and
unstressed specimens. This is in good agreement with the obser-
vations performed by Edwards et al. and Yang et al. [34,42]. This
means that in the irradiation conditions of the study, irradiation
creep occurs without swelling. The conclusions about twins,
dislocation lines and loops, and precipitates can be drawn as
follows.

The dislocation microstructure seems not to be significantly
different between stressed and unstressed specimens. CW steels
contain twins, which are unaffected by irradiation and stress.

Despite the varying chemistry and metallurgical state of

Fig. 14. CW 316Ti irradiated up to ~91 dpa under a stress of 188 MPa. Indexed (a) [011]g, (b) [111]g and (c) [001]g SAD patterns. (d) SAD patterns with the condition B ~ [011]g,
g ¼ [02-2]g. Insets match intensity profiles between two matrix diffraction spots and through the central beam. Note that the intensity of precipitate reflection peaks relative to that
of the matrix peaks is higher in two-beam condition than in multi-beam condition. (e) CDF- and (f) CBF-TEM images taken respectively from the reflection positioned at ~1/3 from
the distance between (000) and (02-2)g under B ~ [011]g and g ¼ [200]g and with B ~ [011]g and g ¼ [200]g.

Fig. 15. Evolution of the density and mean size of precipitates observed in SA and CW
316Ti as a function of dose without stress during irradiation. These precipitates were
visualized using high contrast Moir�e fringe imaging (continuous lines) and CDF-TEM
imaging (dashed lines).
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Fig. 16. EF-TEM images of CW316Ti irradiated to 91 dpa without stress. (a) Fe L2,3, (b)
Cr L2,3 and (c) Ni L2,3 elemental maps. Note that the areas of interest are taken in a low
thickness (here, typically 10e50 nm) to reduce contribution of the gmatrix and thus to
reveal the presence of precipitate thin platelets.

13
unstressed specimens, Frank loop characteristics (size and density)
were found to be similar after irradiation, at least at 320 �C.

For most of the grades investigated, but CW 316Ti, the mean
loop size is larger and the loop density lower in stressed materials
than in unstressedmaterials. Except for CWHP316, no evidence of a
clear and large anisotropy of Frank loop density or size induced by
stress was found systematically. These results are in contradiction
with some results of the open literature which show that the
applied stress influences the partitioning of the loops on different
{111} lattice planes, with or without effect on the overall loop
density and/or average size [9,10,22]. As observed in CW HP316
irradiated with stress, Okamoto et al. [9] revealed differences in
planar loop densities as large as a factor of two. Unfortunately, they
have not carried out TEM observations on the Frank loop micro-
structure induced without stress for comparison. In the present
work, the overall loop density with stress applied under irradiation
can decrease by a factor of 2.3e5.7.

It should be noted that studies on the effect of stress on the
microstructure of dislocations were often carried out at very low
doses [22e27,31,32]. In this dose level and without stress, there is
little or no interaction between Frank loops and perfect dislocations
(rare dislocations and dislocation network with dislocation cells of
0.2e1 mm in diameter for weakly irradiated SA and CW materials,
respectively). The high doses used in the present work strictly
correspond to the steady-state density and mean size of Frank
loops. At these doses, there are no differences of network disloca-
tion microstructure between SA steels and CW steels. Dislocation
lines (or rather segments) are distributed homogeneously. Inde-
pendently of the initial microstructure and without stress, the fact
that the loop density and size quickly reach a steady-state value and
that the loops are surrounded by many dislocation segments sug-
gests that the loop unfaults in contact with a glissile dislocation or
with another Frank loop [1,10]. The empirical relationship of mean
loop size s to total dislocation density rT, <s> ¼ rT

�1/2, takes into
account this phenomenon. With stress, the absence of systematic
anisotropy of loop densities or sizes at high doses implies that SIPN
or SIPA process either declines with doses (underlying phenome-
non) or does not appear in network-dominated microstructure.

Closely spaced precipitates, which occur in high number den-
sity, were sometimes observed. g0-type precipitates formed in SA
N9 whereas no precipitates or carbides/G-silicides formed in the
other steel grades. For example, in CW 316Ti, it may be G-phase
with a lattice parameter smaller than that of classical G-phase
precipitates. Whatever the initial state of specimens, they are
distributed homogeneously.

Precipitates tend to become larger and more numerous with a
stress applied under irradiation. Besides, Katoh and coworkers [13]
examined 4 MeV nickel ion irradiated ribbon tensile specimens of
SA 316 stainless steel. Irradiation occurred up to 50 dpa at 600 �C
for stresses between 0 and 200 MPa. Apart Frank loops, network
dislocations and cavities, needle-like precipitate particles were
observed. These precipitates are neither quantitatively analyzed
nor identified, but showed a tendency to get large and coarse with
increasing stress. This growth of precipitates enhanced by creep
was also reported by Morris and Harries [64]. They examined
thermal creep response in initially SA Type 316 austenitic stainless
steel specimens tested at temperatures in the range 525e900 �C. It
was found that the rates of precipitation of t-carbides and inter-
metallic phases were increased by factors of about 10 and 3,
respectively, with intragranular precipitation being much more
extensive in the strained steel than in the unstrained steel. The
enhancement of the precipitation kinetics has been interpreted as a
consequence of the moving dislocations which provide more
extensive intragranular nucleation sites and faster diffusion paths
(effect of solute drag).



Table 6
Precipitate density and mean size in various unstressed austenitic steel grades after irradiation between 18 and 35 dpa.

Metallurgical steel Dose, dpa Type of precipitates Density, �1021 m�3 Mean size, nm

304L SA 20 t, h and/or G* 0.3 6.9
316Ti 35 7.2 6.6
N9 17.7 g0** Not measured
NMF18 19.5 Absent or rare
321 17.5
316 CW 20 t, h and/or G* 6.1 5.7
316Ti 40 3.1 7.3
HP316 20 Absent or rare
HP316Si

Notes: * indicates that the precipitates formed during irradiation were visualized using Moir�e fringe imaging and **using CDF-TEM imaging. There are isolated and coarse TiC
carbides in SA 321 before and after irradiation. At least for CW 316Ti, it may be G-phase precipitates with a lattice parameter smaller than that of classical G-phase precipitates.
The specimens such as SA 304L and 316 @ 20 dpa, SA 316Ti @ 35 dpa and CW 316 @ 40 dpa were studied in previous research works [37,38].
For some steel grades such as CW 316 and SA 304L, the
discrepancy between precipitate and Frank loop densities is less
important under stressed conditions than under unstressed con-
ditions, whereas for CW 316Ti, it remains almost constant.
4.2. Irradiation creep behavior

For a given stress level, the diametrical strain increases linearly
with increasing doses. This strain depends on the stress level. The
higher the stress level is, the higher the steady-state irradiation
creep rate is. Even in the absence of swelling, creep behavior de-
pends sensibly to the chemical composition and metallurgical state
of steels. According to the initial state of steel, the steady-state
irradiation creep compliance can vary from 2 to
4.2 � 10�6 MPa�1 dpa�1.

The data from these irradiation creep tests with fast neutrons
and up to 8% of effective strain are unique. Indeed, they make it
clear that irradiation creep rate without swelling can decrease with
increasing cold-working level (CW 316Ti versus SA 316Ti). Alloy
composition can also affect this rate. The creep behavior differences
related to these two parameters are especially visible at high dose
levels and for stresses ranging from 127 to 220 MPa. Toloczko et al.
[65] indicated that the irradiated creep compliance B0 may be
mildly sensitive to alloy composition. Grossbeck et al. [66] also
investigated the effect of cold work for type 316 stainless steels and
PCA alloys. On the basis of effective strain results obtained at lower
values (up to ~1.6%), the creep compliance values B0 for 316 SS in
the SA and 20% CW conditions and for PCA alloys in the SA and 25%
CW conditions were found to be almost similar. Therefore, the in-
vestigators cited above concluded that cold work did not affect the
value of B0.

For each grade and at a given stress, the sample exhibits a
threshold dose of a few dpa. By comparing with creep data in the
literature, this incubation may correspond to shrinkage. And this
shrinkage is usually said to be due to carbide-induced densification
[6,16,67e69]. The microstructure of neutron-irradiated austenitic
steels contains high densities of faulted dislocation loops, pre-
cipitates (g0 in SA N9, G-phase in CW 316Ti and not rigorously
identified precipitates (probably t, h and/or G) in other steel
grades) and dislocation segments. Here, at a temperature of at least
320 �C, precipitates do not appear systematically in all our steel
grades. Shrinkage could not be only attributed to the formation of
carbides. However, one must take into consideration other types of
precipitates, restoration or formation of the dislocation network or
intragranular segregation phenomenon on various defect sinks
[45,70e72], which could induce negative lattice parameter
variations.
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4.3. Possible microscopic mechanisms of irradiation creep

Several irradiation creep models directed at understanding the
behavior of different types of materials have been identified so far
[46]. At the present, three of them havewide supports for austenitic
steels: SIPN, SIPA and SICG [8,11,20,21,23e26,46e49]. In the SIPN
mechanism of irradiation creep, the application of an external
stress can enhance the probability of interstitial loops nucleating on
planes with a preferred orientation. The SIPA creep mechanism
enables the transfer of atoms from planes parallel to the applied
stress to those perpendicular to the applied stress. Therefore, SIPA
corresponds to the net preferred absorption of interstitials at
dislocation loops and lines. While SIPA provides a mechanism for
creep by dislocation climb, dislocations can also contribute to creep
by glide. This glide can be driven by climb process (SICG).

The SIPA mechanism normally predicts a linear stress depen-
dence of creep strain. However, microstructural results of this work
have shown that not only SIPA but also SIPN process either decline
with doses (underlying phenomenon) or do not appear in network-
dominated microstructure. Indeed, no evidence of a clear and large
anisotropy of Frank loop density or size induced by stresswas found
systematically. Often, with stress applied during irradiation, the
mean loop size is larger and the loop density per plane {111}g lower.

Initially, a mechanism based on climb-controlled glide was
forwarded by Harkness et al. [73]. This mechanism was developed
to account for the climb of dislocations over dispersed obstacles by
the absorption of irradiation-induced point defects. However, just
after the proposal of this mechanism, the attention of experi-
menters was quickly diverted to anisotropy in Frank loop pop-
ulations where effects of stress on loop populations could be
sometimes observed. Depending on the parameters chosen, various
climb-enhanced glide mechanisms describing the irradiation creep
rate have been published [47].

Its dependence in stress can be parabolic, linear or quadratic. It
is quadratic if the variation in rate arises from the climb distance to
initiate glide and not from any stress dependence of climb velocity
and only when the volume fraction rate of cavities is constant.
Wolfer et al. [74] have developed a model in which dislocation
loops serve as dominant glide obstacles. For them, irradiation creep
by climb controlled glide is expected to be proportional to s1/2 at
low stresses but to become linearly dependent on the stress for
higher stresses. Nevertheless, the researchers have considered that
this microscopic mechanism occurs mainly during the transient
period of irradiation creep. The concept of climb-enabled glide is
also recognized when one considers that excess interstitials may
flow into dislocations in the absence of cavities, if an excess of
vacancies is absorbed by other sinks.

As indicated in the part 4.1., Morris and Harries [64] observed an
effect of stress on the precipitation rates. This enhancement of the



kinetics was associated to the moving of dislocations (solute drag
effects). From this study and the current work, the following
mechanism appears thus to be operating. In the absence of stress
and whatever the starting microstructure, there are a dynamic
equilibrium between the production of dislocations and their re-
covery beyond 3e5 dpa. A larger rate of gliding dislocations and
thus a higher precipitation kinetic might be induced by an external
stress applied under irradiation. This is compatible with an increase
of the density and average size of precipitates in strained steels
compared to unstrained steels.

Gilbert et al. [75] have theoretically proposed the unfaulting of
Frank loops and their subsequent gliding as a creep mechanism
under irradiation. As to Yang et al. [76], they carried out molecular
dynamics simulations of compression processes out for copper
lattices containing one Frank loop. Their results showed that both
interstitial and vacancy type Frank loops became sources of dislo-
cation under stress, and accompanying unfaulting process, Frank
loops were broken up instead of becoming perfect loop.

If dislocation glide corresponds to the microscopic mechanism
of irradiation creep in the current study, mobile dislocations should
interact with Frank loops. In other words, the presence of moving
network dislocations should unfault Frank loops and preclude the
long-term survival of larger Frank loops. This is consistent with the
lower Frank loop density but not with the larger loops observed in
our stressed specimens compared to our unstressed specimens.

Nevertheless, because the mean loop size approaches a value
equal to rT

�1/2, where rT is the total dislocation line density [1], one
could conclude that Frank loops continue to growwith a lower loop
density with a similar perfect dislocation density.

According to Jitsukawa et al. [12], the remaining Frank loop
density after electron irradiation at 450 �Cwith stress is lower. They
observed that (i) Frank loops nucleated without external load react
with Shockley partial dislocations induced by external load to be
perfect loops, (ii) the growth of the unfaulted loops by radiation-
induced climb occurs up to a critical size and (iii) the growth rate
of perfect loops is indeed enhanced by increases in the normal
stress on the loop plane. These observations led the researchers to
the conclusion that the glide of these unfaulted loops play an
important role for creep deformation under irradiation. Growth of
perfect loops has been thought to be due to climb absorbing
interstitial atoms.

It was also shown that according to the value of stacking fault
energy (SFE), moving dislocations could be dissociated into
Shockley partial dislocations during glide. These partial disloca-
tions are separated by stacking faults. The lower SFE value tends to
promote the nucleation of the separated Shockley partials from
glide dislocations or of a Shockley partial inside the Frank loop.
Increased SFE enhances cross-slip [77] and thus the likelihood of
loop unfaulting. Therefore, alloy constituents that increase the SFE
should increase the non-swelling creep compliance B0.

In order to confirm or disprove this assumption, Gilbert et al.
[78,79] recapitulated the value of in-reactor creep rate and SFE of all
the stainless steels published in the open literature. They reported
that SFE depending on the composition of steel can be an important
parameter affecting the non-swelling creep modulus. The irradia-
tion creep compliance was found to increase with increasing SFE.
Most of the investigated pressurized tubes were irradiated between
330 and 420 �C.

Table 7 shows the values of irradiation creep compliance and
SFE of our investigated steels for a wide range of stress and dose
levels. One can note that Pickering formula does not provide the
same results as that of Gilbert. With Pickering formula [80], no
direct correlation between the value of SFE and the steady-state
creep rate was found. Gilbert formula [78] provides very similar
SFE values for SA 304L, CW 316 and CW 316Ti whereas these steel
15
grades have relatively different steady-state creep compliance
values. CW N9 which has the higher SFE value creeps faster than
other steels. According to Gilbert et al. [78], the higher the value of
SFE is, the higher the in-reactor creep compliance is.

This correlation must be considered carefully. At least at
320e330 �C and for CW 316, the creep rate given by them (at
7.4 dpa and up to 300 MPa, B0 ¼ 1.3 � 10�6 MPa�1 dpa�1,
SFE ¼ 22.8 mJ/m2) is slightly lower than that given in this work
(between 20 and 86 dpa and up to 188 MPa,
B0 ¼ 2.55 � 10�6 MPa�1. dpa�1, SFE ¼ 13.2 mJ/m2), by Foster et al.
[16] (between ~0.02 and 0.54 dpa and at 345 MPa,
B0 ¼ 2.6 � 10�6 MPa�1 dpa�1) and by Garner [81] (at 13.1 dpa and
up to ~400 MPa, B0 ¼ 2.8 � 10�6 MPa�1 dpa�1). Pickering and
Gilbert formulas cannot be used for example for NMF 18. Indeed,
the calculated SFE is negative.

It should be noted that the calculated value of SFE does not take
into account the starting metallurgical state whereas this work has
revealed that the creep behavior depends on this state. Moreover,
through precipitation induced by irradiation, the value of SFE of the
g matrix may change.

According to hypothesis that larger Frank loops have larger SFE,
they should be unfaulted more easily. This is not in agreement with
our experimental results and those given by Ando et al. [82]. TEM
observations performed by these researchers on irradiated stain-
less steel showed that, after indentation, Frank loops smaller than
20 nm in diameter completely disappeared in heavily plastically
deformed regions whereas larger ones survived. It should be noted
that indentation was carried out after irradiation and thus in-
terstitials and vacancies were no longer produced during this test,
which could lead to slightly different results compared to those
obtained from irradiation creep tests.

If we consider that deformation occurs by the dislocation glide
after climb over dispersed obstacles such as precipitates, disloca-
tion reactions with different precipitate densities should rationalize
irradiation creep rates (climb-controlled glide). In fact, the linear
character of important creep deformation observed in the current
studywould imply that the precipitatemicrostructure should reach
a steady state.

Unlike Frank loops, the density and size of precipitates were not
found to be strictly similar at each dose level for a given unstressed
stainless steel. Moreover, in very highly irradiated specimens of SA
304L and CW 316Ti (�91 dpa), SAD patterns have shown additional
precipitate reflection spots.

Or else, the precipitation has no direct causative effect on creep.
In other words, the precipitate effect can be of second-order
importance compared to other microstructural barriers. Precipita-
tion may be concurrent with creep since precipitates appear larger
and more numerous in stressed steels.

A different steady-state creep rate was observed between SA
and CW 316Ti for which the precipitate microstructure was not
very different. As the perfect dislocation microstructure has been
thought not to be different between SA and CW steels after irra-
diation, a higher fraction of twins (that lead to the reduction of the
mean path of dislocations (Hall-Petch effect)) could reduce the
creep rate [83,84]. In principle, gliding dislocations could occur
with more difficulty in the presence of many Frank loops acting as
barriers to these perfect dislocations. Nevertheless, these nanosized
barriers could be bypassed by means of climbing dislocations.
Climb-controlled glide process of dislocation could thus be partially
affected by the presence of twins. Twins are barriers bigger than
Frank loops.

5. Conclusions

The goal of investigating this wide variety of materials is to



evaluate the effect of both metallurgical state and chemical ele-
ments on irradiation creep behavior and radiation-induced
microstructure/microchemistry. This work has enabled us to pro-
vide more information on the possible mechanisms of strain
induced by stress applied under irradiation at themicro/nanometer
scale. These materials correspond to different austenitic steel
grades. They were irradiated at 320 �C up to 120 dpa with and
without a stress ranging from 0 to 220 MPa in the BOR-60 fast
reactor. Each stress corresponds to a specific pressurized tube
specimen.

The following conclusions can be drawn from the Results and
Discussion:

(1) Irradiation creep of austenitic steels is linear in dose and
stress. It is relatively sensitive to their metallurgical state and
chemical composition. According to the initial state of steel,
the irradiation creep compliance can vary from 2 to
4.2 � 10�6 MPa�1 dpa�1.

(2) Microstructure and microchemistry can exhibit considerable
differences.

Without stress applied during irradiation, no notable differences
were found for Frank loops in terms of number density and mean
size between different steel grades. Nanoscale precipitates were
observed. Their density and size depend on the initial state of
different steels, i.e., metallurgical state and alloying composition.
Frank loops and precipitates are surrounded by a high density of
dislocation segments. Whatever the initial metallurgical state,

Frank loops, precipitates and dislocation segments are distributed
homogeneously.

Often, with stress applied during irradiation, the mean loop size
is larger and the loop density lower. No evidence of a clear and large
anisotropy of Frank loop density or size induced by stresswas found
systematically. Precipitates appear to become larger and more
numerous in stressed materials.

In addition to the different microstructural components induced
by irradiation, CW steels contain twins, which are unaffected by

Table 7
Values of irradiation creep compliance and stacking fault energy of investigated steels.

Steel grades B0, 10�6 (MPa dpa)�1 Pickering Formula [81] Gilbert formula [79]

CW N9 4.15 82.1 54.6
SA 304L 3.55 26.2 14.5
CW 316 2.55 42.1 13.2
CW 316Ti 1.97 44.2 13

Fig. 17. Evolution of the precipitate density (dashed lines) and mean size (continuous lines) in (a) SA 304L, (b) CW 316, (c) CW 316Ti, (d) CW HP316, CW HP316Si and SA 316 as a
function of dose with (open dots) or without (filled dots) a stress ranging from 188 to 220 MPa [37,38].
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irradiation and stress.

(3) The systematic study of the effect of stress applied under
irradiation on the mechanical behavior and the corre-
sponding microstructure has enabled us to establish that
irradiation creep depends on at least two parameters:

-Twins from cold working that appear to limit the irradiation
creep rate. Hardening should not be analyzed in terms of disloca-
tions in large doses. Indeed, following the multiplication and re-
covery of dislocation lines and loops, the microstructure of
dislocations is not different between SA and CW materials; -The
nickel content. A lower nickel content (~9.5e13% instead of 25%wt)
attenuates the creep rate; A relatively large irradiation creep results
in a decrease in the density of Frank loops and an increase in their
size and an increase in the density and size of precipitates.
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Appendix

In a first approximation, the tangential strain could be estimated
with respect to the relative evolution of the external diameter Dext

as follows:

ε
ð1Þ
q

¼ Dext � Dext
0

Dext
0

where Dext
0 is the initial external diameter of the tube. This

expression provides a good approximation for thin-walled tubes
and is easy to compute since it only uses measurable dimensions.
For thicker-walled tubes, it is better to use the average diameter:

Dav ¼ Dext þ Din

2

where Din is the internal diameter of the tube. The tangential strain
can subsequently be calculated using:

ε
ð2Þ
q

¼ Dav � Dav
0

Dav
0

Since Din ¼ Dext � t, where t is the wall thickness:

ε
ð2Þ
q

¼
�
Dext � t

�� �Dext
0 � t0

�
Dext
0 � t0

¼
�
Dext � Dext

0

�
Dext
0 � t0

� ðt � t0Þ
Dext
0 � t0

For a thin-walled tube, due to the volume conservation, εq ¼ �εr

where εr ¼ t�t0
t0

:

ε
ð2Þ
q

¼
�
Dext � Dext

0

�
Dext
0 � t0

þ ε
ð2Þ
q

t0
Dext
0 � t0
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ε
ð2Þ
q

1� t0
Dext
0 � t0

!
¼
�
Dext � Dext

0

�
Dext
0 � t0

ε
ð2Þ
q

¼
�
Dext � Dext

0

�
Dext
0 � 2t0

¼ ε
ð1Þ
q

:
Dext
0

Dext
0 � 2t0
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