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a b s t r a c t

Radiation-induced segregation (RIS) in desensitized type 304 stainless steel (SS) was investigated using a
combination of electrochemical potentiokinetic reactivation (EPR) test and atomic force microscopy
(AFM). Desensitized type 304 SS was irradiated to 0.43 dpa (displacement per atom) using 4.8 MeV pro-
tons at 300 �C. The maximum attack in the EPR test for the irradiated desensitized SS was measured at a
depth of 70 lm from the surface. Grain boundaries and twin boundaries got attacked and pit-like features
within the grains were observed after the EPR test at the depth of 70 lm. The depth of attack, as mea-
sured by AFM, was higher at grain boundaries and pit-like features as compared to twin boundaries. It
has been shown that the chromium depletion due to RIS takes place at the carbide–matrix as well as
at the carbide–carbide interfaces at grain boundaries. The width of attack at grain boundaries after the
EPR test of the irradiated desensitized specimen appeared larger due to the dislodgement of carbides
at grain boundaries.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Radiation-induced segregation (RIS) is non-equilibrium segrega-
tion of alloying elements caused by generation and diffusion of
point defects [1–4]. The RIS is typically observed for in-core compo-
nents in light water reactors (LWR). The RIS is considered to be part
of a complex process that increases the susceptibility to irradiation
assisted stress corrosion cracking (IASCC) of austenitic stainless
steel (SS) in LWR [1–5]. RIS leads to depletion of chromium at grain
boundaries, without formation of chromium rich carbides in con-
trast to chromium rich carbide formation leading to chromium
depletion in the case of thermally sensitized material [6].

The studies to relate the effects of neutron irradiation on inter-
granular stress corrosion cracking (IGSCC) of thermally sensitized
SS have shown [7–9] an increase in susceptibility to IGSCC with
neutron fluences up to 1.1 � 1024 n/m2 (E P 1 MeV). Studies [10–
12] have also indicated that prior thermal sensitization increased
the susceptibility to IGSCC in irradiated austenitic stainless steel.
For example, in sensitized type 304 SS, equivalent amount of chro-
mium depletion was attained for a neutron fluence of 1.0 � 1024 n/
m2 as compared to 1 � 1026 n/m2 for the non-sensitized material
[10]. The effect of sensitization on RIS has been studied extensively
[11–13] and is shown to result in narrower chromium depletion
zones [11] and nickel enrichment under Helium-ion damage [12].
ll rights reserved.
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It has been shown [13] that the chromium-concentration profile
gets narrower and deeper upon proton-irradiation. It was argued
that [13] during irradiation, concentration flux and the inverse Kir-
kendall flux compete with each other and Cr will be further de-
pleted at grain boundaries if the inverse Kirkendall flux is greater
than the concentration flux. The Cr profile would be narrower if
the concentration flux is greater than the inverse Kirkendall flux.

Though there are many studies [7–13] showing enhanced RIS in
sensitized austenitic stainless steels, the effects of desensitization
on the RIS behavior have not been investigated. It may be noted
that desensitization in austenitic stainless steels leads to formation
of M23C6 (M = Cr, Fe) hence to an indirect enrichment of Cr at grain
boundaries without any chromium depletion zones adjacent to
grain boundaries. Such an indirect enrichment of Cr at grain
boundaries may help in reducing the extent of RIS (particularly
Cr depletion) at grain boundaries. As RIS is a part of the complex
process that leads to irradiation assisted stress corrosion cracking
(IASCC), improvement in resistance to RIS may also improve the
resistance to IASCC. In this study, effect of desensitization on the
nature and extent of RIS in type 304 SS was investigated using
4.8 MeV proton-irradiation at 300 �C. A combination of double loop
electrochemical potentiokinetic reactivation (DL-EPR) test and
atomic force microscopy (AFM) was used to characterize the extent
of RIS and to link the RIS behavior with different microstructural
features. The EPR method was used in the past to characterize
RIS in austenitic SS [14–19]. AFM examination was done to evalu-
ate the depth of attack on various microstructural features after the
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DL-EPR test for the irradiated specimen. It may be noted that char-
acterization of RIS by analytical techniques (such as scanning
transmission electron microscopy–energy dispersive spectroscopy:
STEM–EDS and Auger electron spectroscopy: AES) reveal informa-
tion about irradiation induced microstructural and microchemical
changes and electrochemical techniques yield information about
the influence of irradiation induced microstructural and micro-
chemical changes on the corrosion characteristics of the material
[16].

2. Material and experimental

2.1. Materials and heat-treatment

The material chosen for the present investigation was ob-
tained in the form of a 3 mm thick plate. The chemical composi-
tion (in wt.%) of this alloy is C: 0.054, Cr: 19.97, Ni: 7.97, Si: 0.59,
Mn: 1.85, P: 0.035 and S: 0.006. The desensitization was carried
out on the as-received material at 750 �C for 360 h [20]. The
desensitization heat treatment results in grain boundaries
saturated with chromium-rich M23C6 carbides and no chromium
depleted regions adjacent to grain boundaries. To check the sen-
sitization behavior of the as-received material, a specimen was
subjected to a sensitization heat-treatment at 675 �C for 1 h. A
smaller sample was cut from the plate and was polished metal-
lographically followed by electro-polishing before proton irradia-
tion. An electrolyte of 90% methanol and 10% perchloric acid
solution was used at a temperature of �30 �C and at 20 V dc
for electro-polishing.

2.2. Proton-irradiation

Proton irradiation was performed using a specifically de-
signed assembly at PELLETRON accelerator, a joint Bhabha Atom-
ic Research Centre–Tata Institute of Fundamental Research
(BARC–TIFR) facility. Proton-irradiation was carried out using a
4.8 MeV proton beam at a dose rate of 1.4 � 10�6 dpa/s (dis-
placement per atom/s). The irradiated surface area was approxi-
mately 7 mm2. The specimen temperature was maintained
during irradiation at 300 ± 5 �C and the level of vacuum was at
1.3 � 10�5 N/m2. The proton-irradiated specimen was allowed
to cool down for a period of a month before doing further anal-
ysis to remove any residual radioactivity. The average current
during proton-irradiation was approximately 500 nA and the
specimen was irradiated to 0.43 dpa. The experimental doses
and dose rates were calculated using SRIM2003 software [21],
while accumulated irradiation damage due to proton-irradiation,
in terms of dpa, was estimated using NRT equation [22],

dpa ¼ 0:8
2Ed

dE
dx

� �
n

/t

q
ð1Þ

where Ed is the displacement energy, (dE/dx)n is the linear energy
transfer (LET) per ion to target by nuclear processes, Ut is the flu-
ence per unit area and q is the atomic density. (dE/dx)n and was
obtained from SRIM by summing up phonon and binding energy
profiles. The binding energy profile was obtained by vacancy
profile multiplied by binding energy (3 eV). The damage profile
obtained using SRIM for proton-irradiation was given a
curve-fitting using the following equation (4-parameter Pseudo-
Voigt equation):

y ¼ a c
1
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where a = (x � xo)/b and a, b, c, xo are constants, x is depth (in mi-
cron) and y is the damage corresponding to given x.
2.3. Electrochemical potentiokinetic reactivation (EPR) test

The extent of chromium depletion in un-irradiated as received,
sensitized, and desensitized as well as the irradiated desensitized
SS specimens was evaluated using the DL-EPR test. The DL-EPR test
was carried out [23] in a solution of 0.5 mol/l H2SO4 and 0.01 mol/l
KSCN (de-aerated) at room temperature. The potential was
scanned from �30 mV vs. open circuit potential (OCP) to +300
mVSCE (mV vs. saturated calomel electrode) and then back to OCP
at a scan rate of 6 V/h. The non-irradiated area on each specimen
was masked with a lacquer and only the irradiated area was ex-
posed to the solution. The result of the DL-EPR test is reported as
DL-EPR value which is the ratio of the maximum current in the
backward loop to that in the forward loop, multiplied by 100.
The maximum damage due to proton irradiation to occur at
70 lm [21] below the surface for 4.8 MeV protons. Therefore, start-
ing from the as-irradiated surface, the DL-EPR test was repeated
after removing the affected-layer after each test, until the un-irra-
diated/un-affected material was reached. The thickness of the
specimen after each DL-EPR test was measured using a micrometer
screw with a least count of 1 lm. After each DL-EPR test, the af-
fected layer was removed by grinding using fine emery-papers fol-
lowed by polishing using 0.5 lm diamond paste.

2.4. AFM examination

After each DL-EPR test, the specimen was examined using NT-
MDT Solver Pro scanning probe microscope in semi-contact mode.
The extent of attack caused by the DL-EPR test was measured as
depth of attack on various microstructural features like grain
boundaries, twin boundaries, and any other feature within the
grains.
3. Results

3.1. Characterization of the un-irradiated material

The hardness of the as-received material was 205 HV (Vickers
hardness), higher than that of a typical solution-annealed type
304 SS (i.e. 170 HV). The grain size of the as-received material
was 18 lm, corresponding to an ASTM grain size number 9. After
the desensitization heat treatment, the hardness reduced to 180
HV with no change in grain size. The respective DL-EPR values
for the as-received, sensitized and desensitized samples were
0.07, 3.89 and 0.06. Optical micrographs after DL-EPR test and
the DL-EPR curves for the as-received, sensitized and desensitized
samples are shown in Fig. 1. Optical micrographs (Fig. 1a and c) for
the as-received and the desensitized specimen did not show signif-
icant attack on the grain boundaries, while the same for the sensi-
tized sample demonstrated severe attack on almost all the grain
boundaries, as depicted in Fig. 1b. The DL-EPR curves for the as-re-
ceived sensitized and desensitized specimens are shown in Fig. 1d,
indicating a higher current during the reactivation loop for the sen-
sitized specimen. On the other hand, a very low current during the
reactivation loop for the desensitized sample indicated the effec-
tiveness of the desensitization heat-treatment in removing chro-
mium depletion (with chromium below 12 wt.% [20]) regions
adjacent to grain boundaries.

3.2. Electrochemical characterization of the irradiated specimen

Fig. 2 shows the damage profiles calculated using Eq. (1) and the
variation of DL-EPR values with depth. The typical profile consisted
of a uniform damage region for the first 70 lm of depth, followed
by the peak damage region between 70 and 80 lm. The variation of



Fig. 1. Micrographs after the DL-EPR test for the (a) as-received (DL-EPR value: 0.07) (b) sensitized at 675 �C for 1 h (DL-EPR value: 3.89) and (c) desensitized (DL-EPR value:
0.06) specimens. (d) The DL-EPR curves for the un-irradiated as-received, sensitized and desensitized specimens, the un-irradiated sensitized specimen shows the highest
current density in the reverse loop.

Fig. 2. Proton-irradiation damage vs. depth in the irradiated (0.43 dpa) desensitized
sample. The figure shows SRIM [18] estimated trend, DL-EPR measurement points
and trend-fitting (using Eq. (2)) for the DL-EPR data points. The trend in DL-EPR vs.
depth profile was very similar to that in damage vs. depth profile, predicted by
SRIM.

Table 1
The variation in current density (during the reactivation and the activation loop), the
Flade potential, and the corresponding DL-EPR values at different depths for the
desensitized specimen irradiated to 0.43 dpa.

Depth (lm) Ir (lA/cm2) Ia (mA/cm2) DL-EPR value Flade potential
(mVSCE)

0 163.2 16.15 1.01 �76
10 199.0 28.43 0.70 �75
20 34.5 26.54 0.13 �76
30 144.0 30.0 0.47 �77
40 228.0 24.26 0.94 �40
50 142.0 23.28 0.61 �63
60 135.0 28.72 0.47 �57
70 733.0 19.24 3.81 +15
80 89.8 24.94 0.36 �25
90 59.0 32.78 0.18 �52

P. Ahmedabadi et al. / Journal of Nuclear Materials 416 (2011) 335–344 337
DL-EPR values with the depth is also plotted in the same graph and
DL-EPR values were given a curve-fit using Eq. (2). The values of a,
b, c and xo as defined in Eq. (2) are 3.9828 (2.6), 4.4898 (7.82), 1.00
(4.12) and 69.03 (4.68), respectively. The values in the brackets
indicate standard deviation in estimation of the constants a, b, c
and xo defined in Eq. (2). As shown in Fig. 2, the SRIM and the
DL-EPR profiles were remarkably similar. The average DL-EPR va-
lue in the region of uniform damage was 0.54 (corresponding SRIM
calculation was 0.031 dpa) and the maximum DL-EPR value was
3.81 (corresponding SRIM calculation was 0.43 dpa).
The Flade potential is the potential at which the depassivation
starts on the surface of the material. For the case of austenitic
stainless steels, it is taken as the start of the reactivation loop dur-
ing the EPR test. The Flade potentials for different depths for the
desensitized specimen irradiated to 0.43 dpa are given in Table 1
along with current values in activation and reactivation loops.
The Flade potential for the irradiated desensitized specimen was
in the range of �77 to +15 mVSCE and the highest value was noticed
at the depth of 70 lm with maximum DL-EPR value of 3.81. The
Flade potentials values for the as-received and the desensitized
specimens (in un-irradiated condition) were �170 and �150
mVSCE, respectively, as shown in the Fig. 1d. Thus, the Flade poten-
tials for the irradiated surfaces were considerably higher than that
for the as-received and un-irradiated desensitized specimen. The



Fig. 3. Optical micrographs after the DL-EPR test of the irradiated (0.43 dpa)
desensitized sample at: (a) as-irradiated surface (DL-EPR value: 1.05), showing
severe attack at grain boundaries and within grains, (b) a depth of 40 lm (DL-EPR
value: 0.47), showing attacked grain boundaries and negligible pit-like features
within grains, and (c) a depth of 70 lm (DL-EPR value: 3.81) showing severe attack
on grain boundaries and pit-like features within grains.
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Flade potential for the sensitized (675 �C for 1 h) material was also
higher (�50 mVSCE) than that of the as-received specimen.
Table 2
The depth of attack (as measured by AFM) on various microstructural features after the D
average values (in brackets).

Depth from the top surface (lm) Depth of attack (nm)
(Grain boundary)

40 350–400 (374)
70 700–1200 (900)
90 350–475 (364)
3.3. Optical microscopic examination

Fig. 3 collates optical micrographs after the respective DL-EPR
tests at different depths for the irradiated desensitized SS. As
shown in Fig. 3a, the as-irradiated surface shows severe damage
within grains as well as at grain boundaries. This is because the
free surface acts as a large defect sink for point defects generated
during irradiation leading to severe damage. Fig. 3b shows the
micrograph at the depth of 40 lm (DL-EPR value: 0.37), showing
attack on grain boundaries. Fig. 3c depicts the micrograph at the
depth of 70 lm where the maximum damage was noticed with
DL-EPR value of 3.81. The attack was noticed on many grain
boundaries along with many pit-like features inside the grain ma-
trix. It may be noted that the number of pit-like features within
grains was less at the depth of 40 lm than that at the depth of
70 lm.
3.4. AFM examination

Fig. 4 shows the AFM images at different depths after the DL-
EPR test for the desensitized specimen irradiated to 0.43 dpa. It
illustrates attack on different microstructural features such as re-
gions adjacent to grain boundary carbides at the depth of 30 lm
(Fig. 4a), a grain boundary at the depth of 70 lm (Fig. 4b), twin
boundaries at the depth of 70 lm (Fig. 4c), and a pit-like feature
within grain at the depth of 70 lm (Fig. 4d). The variations in the
depth of attack on different microstructural features viz. grain
boundaries, twin boundaries and pit-like features are depicted in
Fig. 5 for three different depths. As shown in the figure, the depth
of attack was higher on grain boundaries and pit-like features in
comparison to the depth of attack at twin boundaries. The depth
of attack was as high as 1.2 lm on grain boundaries as shown in
Fig. 5a.

The depths of attack on various microstructural features are
also summarized in Table 2 with average values for different
depths. It is apparent that the depth of attack on various micro-
structural features increased with increase in DL-EPR values: in-
creased depth of attack on twin boundaries (�1.4 times), pit-like
features within grains (�1.8 times), and grain boundaries
(�2.2 times) was observed. Fig. 6 shows the variation of the aver-
age depth of attack for different microstructural features with DL-
EPR values, along with linear-regression. As can be seen from the
slopes of linear-fit, the increase in the depth of attack with DL-
EPR value was more for grain boundaries and pit-like features
within grains as compared to that for twin boundaries. In terms
of the relative depth of attack the various microstructural features
can be represented in increasing order as twin-boundary > pit-like
features > grain boundaries. For comparison, the depth of attack on
grain boundaries after DL-EPR in the sensitized (675 �C for 1 h, DL-
EPR value 3.89) specimen was also measured using AFM. Fig. 7 de-
picts an AFM micrograph of the sensitized specimen at a grain
boundary, the depth of attack at the given location was 1.6 lm
and the width of attack was around 4 lm. Thus, the width and
depth of attack for thermally sensitized specimen was much higher
than that in the desensitized specimen irradiated to 0.43 dpa. The
L-EPR test at different depths. The table provides the range of attack as well as the

Depth of attack (nm) Depth of attack (nm)
(Twin boundary) (Pit-like features within grains)

325–450 (414) 475–600 (505)
450–650 (547) 700–1000 (850)
400–600 (438) 350–420 (387)
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typical width of attack at the depth of 70 lm (maximum DL-EPR
value 3.81) for the desensitized specimen irradiated to 0.43 dpa
was approximately 1 lm. This is in line with the reported results
[16,17] indicating that the chromium depletion developed due to
RIS is much narrower compared to that developed by thermal
sensitization.

Fig. 8 schematically summarizes experimental and results ob-
tained in the present investigation, indicating attack on grain
boundaries, twin boundaries and pit-like features within grains
for the desensitized specimen irradiated to 0.43 dpa while the
attack is confined to grain boundaries for the un-irradiated as-re-
ceived, sensitized and the desensitized SS after the DL-EPR test.
As observed in the irradiated desensitized specimen, the un-irradi-
ated sensitized specimen also showed attack on almost all grain
boundaries. However, the attack on twin boundaries and pit-like
features was not noticed for the un-irradiated sensitized specimen.
Thus, for the irradiated desensitized specimen, the attack on grain
boundaries, twin-boundaries and pit-like features contributed to
the anodic current during the reverse loop of DL-EPR whereas for
the sensitized specimen, attack only on grain boundaries contrib-
uted to the anodic current.
4. Discussion

4.1. Electrochemical characterization of the irradiated specimen

The DL-EPR values (for different depths) for the irradiated
desensitized specimen were higher than that for the as-received
and un-irradiated desensitized material indicating the presence
of chromium depletion (due to RIS) regions in the irradiated desen-
sitized specimen. The maximum DL-EPR value (3.81) for the irradi-
ated specimen was of the similar order to that of the sensitized
(heat-treated at 675 �C for 1 h) specimen (DL-EPR value: 3.89).
That indicates the comparable levels of chromium depletion in
the irradiated desensitized specimen at the depth of maximum at-
tack and the sensitized specimen.

The increased values of the Flade potentials for the irradiated
specimen imply the presence of weak passive films on the irradi-
ated specimen. The Flade potential is a measure of the inherent
stability of the passive film for stainless steel, higher the Flade
potentials weaker the passive films [16]. This could be either due
to chromium depletion or due to the higher diffusivities of cation
vacancies in the film and/or the metal substrate due to dislocations
as suggested by the studies on characteristic of passive films in
stainless steels [24,25]. The Flade potentials of the irradiated spec-
imen were higher (�50 to �77 mVSCE) even for the lower DL-EPR
values in the range of 0.13–0.94 compared to those for the un-irra-
diated SS. This could be due to a weaker passive film because of a
higher concentration of point defects generated due to irradiation.
As explained earlier, the higher concentration of point defects
would increase diffusivities of cation vacancies in the passive film;
leading to more dissolution. This also suggests that even for the
low levels of chromium depletion, as indicated by lower DL-EPR
values for the depths between 20 and 60 lm, the passive film over
the irradiated austenitic stainless steel surface was weaker due to
the presence of point defects. The value of the Flade potential was
the highest for the maximum DL-EPR value; implying that the in-
crease in DL-EPR values was accompanied by increase in the value
of the Flade potential.
4.2. Microscopic examination

The irradiated specimen showed attacked regions (after the DL-
EPR test) within the matrix (pit-like features) and near grain
boundaries indicating chromium depletion (due to RIS) regions at
these locations. Pit-like features within the matrix were reported
earlier in irradiated austenitic stainless steels after the EPR test
[16,17]. Previous studies had revealed that chromium depletion
can occur within grains at dislocation loops [26,27] formed during
irradiation. Such chromium depleted regions within grains would
get attacked during DL-EPR and appear as pit-like features.

As illustrated in Fig. 5, AFM measurements after the DL-EPR test
(on the desensitized specimen irradiated to 0.43 dpa) had indi-
cated that the attack on grain boundaries and pit-like features
within the grains was more as compared to that at the twin-
boundaries. The DL-EPR test attacks chromium depletion regions,
indicating that the extent of chromium depletion (due to inverse
Kirkendall effect) near grain boundaries and pit-like features were
higher vis-à-vis that at the twin boundaries. Twin boundaries are
essentially low-energy boundaries as compared random bound-
aries. It implies that the free energy available for adsorption of
point-defects was higher at the carbide–matrix interface, the car-
bide–carbide interface and at the dislocation domain structure
within grains as compared to that at the twin-boundaries. This
was confirmed by the average depths of attack for grain bound-
aries, twin boundaries, and pit-like features for different depths
as depicted in Fig. 6.

The increase in DL-EPR value was also accompanied with the in-
crease in the depth of attack on various microstructural features
like grain boundaries and pit-like features. It implies that increase
in chromium depletion levels (as indicated by higher DL-EPR val-
ues) had increased the depth of attack on microstructural features
during the DL-EPR test for the irradiated specimen.

4.3. Carbides at grain boundaries and RIS

It is known that unlike ASTM A 262 Practice A [28], the EPR
test attacks only the chromium depletion regions (during the re-
verse loop) and not the M23C6 carbide [29]. In the present inves-
tigation it was observed that M23C6 carbide remained intact and
the attack during the DL-EPR test had occurred adjacent to grain
boundaries for lower DL-EPR values, as shown in Fig. 4a. How-
ever, M23C6 carbides were not noticed at peak damage with
DL-EPR value of 3.81, as depicted in Fig. 4b. The attack on regions
adjacent to grain boundaries for lower DL-EPR values and the re-
moval of M23C6 carbide for the maximum DL-EPR value can be
explained as follows.

Sensitization results in precipitation of M23C6 at grain bound-
aries and chromium depletion adjacent to grain boundaries. The
desensitization treatment erases chromium depletion regions
adjacent to grain boundaries whereas M23C6 at grain boundaries
remains intact [20]. The sensitization process is dictated by a bal-
ance of carbon, nickel and chromium levels in stainless steels [30–
34]. At the onset of sensitization, M23C6 carbides nucleate at grain
boundaries and grow with time. The growth of M23C6 continues
until the free carbon (the amount of carbon in excess of the solu-
bility limit) in the matrix gets consumed. At this point, the chro-
mium levels in chromium depleted zones (adjacent to grain
boundaries) begin to increase by replenishment from the grain
matrix.

The nucleation of carbide occurs simultaneously at various loca-
tions on a grain boundary and the growth of carbide nuclei occurs
along grain boundaries as well as into the matrix. The nucleation
and growth of M23C6 at grain boundaries thus creates two inter-
faces: one interface exists between the carbide and the matrix
and another interface exists between two adjacent carbide
particles.

The carbide particles (M23C6) on grain boundaries are incoher-
ent in nature and have higher interfacial energy [35] due to larger
size which is in the range of 50–100 nm. Also, due to the fact that a
given carbide particle grows in two adjacent grains (with different



Fig. 4. AFM micrographs after the DL-EPR test for the desensitized specimen irradiated to 0.43 dpa illustrating attacks at (a) 30 lm depth (DL-EPR: 0.47) showing attack on
regions adjacent to carbides at grain boundaries (b) 70 lm depth (DL-EPR: 3.81), showing attack on a grain boundary and dislodgement of carbides, the depth of attack is
1200 nm (c) 70 lm depth (DL-EPR: 3.81), showing attack on a twin boundary, the depth of attack is 600 nm and (d) 70 lm depth (DL-EPR: 3.81), showing attack on a pit-like
feature within grains with depth of attack 900 nm.
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crystallographic orientations), this introduces incoherency at the
interface leading to higher interfacial free energy. Therefore, the
carbide–matrix and the carbide–carbide interfaces can act as de-
fect sinks.



Fig. 5. The depth of attack, after the DL-EPR test on irradiated (0.43 dpa)
desensitized specimen, at (a) grain boundaries (b) twin boundaries and (c) pit-
like features within grains. Also included are the DL-EPR value vs. depth and the
fitted (Eq. (2)) curve. The depth of attack was higher at grain boundaries and pit-like
features within grains as compared to twin boundaries.

Fig. 6. The variation in the average depth of attack with the DL-EPR values for
different depths for various microstructural features for the desensitized specimen
irradiated to 0.43 dpa. The linear regression is also plotted for the each plot. The
figure shows that increase in DL-EPR values showed more increase in the depth of
attack for grain boundaries and pit-like features as compared to twin boundaries.
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During irradiation at high temperature, point defects move to
grain boundaries because of inverse Kirkendall effect and intersti-
tial association binding mechanism [36,37]. In the case of grain
boundaries saturated with carbides, migrating point defects first
encounter the carbide–matrix interface and get adsorbed at the
interface. Point defects adsorption can also occur at carbide–car-
bide interface. Thus, chromium depletion would first occur at the
carbide–matrix interface because of adsorption of vacancies. This
explains the observed results that the attack during the DL-EPR test
in the uniform damage region first occurred adjacent to grain
boundaries (Fig. 4a). As irradiation progresses, more point defects,
particularly vacancies, migrate towards grain boundaries and
adsorption of vacancies would then occur at the carbide–carbide
interface in addition to the carbide–matrix interface. This is sche-
matically represented as in Fig. 9. The attacked chromium deple-
tion zones are shown black and carbides are shown in gray color.
It illustrates the attack on regions adjacent to M23C6 carbide. In
view of the three dimensional nature of carbide–matrix and
carbide–carbide interfaces, at peak damage depth chromium
depletion zones would surround the entire carbide–carbide inter-
face. Hence, the attack during DL-EPR selectively occurs at the car-
bide–matrix and the carbide–carbide interface and finally results
in the removal/dislodgement of the carbide particles. Though the
carbides themselves are not attacked during the EPR test [29]. A
similar effect of oversized solute elements (cerium) acting as a site
for precipitation of carbides during sensitization and for accommo-
dation of the diffusing chromium atoms during low temperature
sensitization in austenitic stainless was shown in a previously re-
ported study [38].

4.4. Contribution of various microstructural features to anodic current

The total anodic current during the reactivation loop of the DL-
EPR test is the sum of current emanating from various microstruc-
tural features like grain boundaries, twin boundaries, and pit-like
features. Thus, the total current during the reactivation loop, I, is,

I ¼ IGB þ ITB þ IPit

i� A ¼ ðiGB � AGBÞ þ ðiTB � ATBÞ þ ðiPit � APitÞ

i ¼ iGB �
AGB

A

� �
þ iTB �

ATB

A

� �
þ iPit �

APit

A

� �
ð3Þ

where I’s and i’s are total current and current density, respectively
from microstructural features like grain boundaries (GB), twin
boundaries (TB) and pit-like features (Pit). A is the total area of
the specimen. The terms A, AGB, ATB and APit are the total area, grain
boundary area, twin boundary area, and pit-area, respectively.

The contribution to the total anodic current (from a given
microstructural feature, f) is a function of the current (if) and the
area fraction (Af/A) of that particular microstructural feature. The
current from a given microstructural feature during EPR testing
is representative of the level of chromium depletion (due to RIS)
in that microstructural feature. This level of chromium depletion
on a given microstructural is directly related to the defect sink
strength. The higher the sink strength, large will be chromium
depletion and larger will be the contribution to the total current.
For example, the defect sink strength of a random grain boundary
is higher than that of a twin boundary [39]. Therefore, the contri-
bution to the total anodic current density would be higher from



Fig. 7. An AFM micrograph for the sensitized (675 �C for 1 h) stainless steel after the DL-EPR test showing the depth of attack at grain boundary. The width and the depth of
attack are 4 and 1.6 lm respectively.

Fig. 8. Schematic representation of overall experimental and results, indicating
attack, after the DL-EPR test, on grain boundaries, twin boundaries and pit-like
features within grains at the depth of maximum attack. The sensitized specimen
also showed severe attack on grain boundaries, however, attack on twin-boundaries
and pit-like features were not noticed.

Fig. 9. Schematic representation of chromium depletion zones surrounding
carbides at grain boundaries at carbide–matrix and carbide–carbide interfaces
developed due to irradiation.

342 P. Ahmedabadi et al. / Journal of Nuclear Materials 416 (2011) 335–344
a random grain boundary than that from a twin boundary. The
higher current from a given microstructural feature is also re-
flected by a higher depth of attack measured by AFM examination
after the DL-EPR test. The depth of attack on grain boundaries and
pit-like features were higher than that on twin boundaries as
shown in Fig. 5. Therefore, the contribution to total anodic current
density is higher for grain boundaries and pit-like features as com-
pared to twin boundaries.

The contribution to total anodic current density would also be
higher if the area fraction of a given microstructural feature is
higher as compared to other microstructural features. For example,
in grain boundary engineered (GBE) type 304 SS; the fraction of
twin boundaries would be very high as compared to random
boundaries. In such cases the contribution of twin boundaries to
the total anodic current will be higher than that from grain bound-
aries though the defect sink strength of a twin boundary is sub-
stantially lower than that of a random boundary. This was
observed in the same material [41] after a suitable thermo-
mechanical treatment used to produce a high fraction (0.54) of
twin boundaries.

For the sensitized specimen, the DL-EPR value and the maxi-
mum current density during the reactivation loop were 3.89 and
735.5 lA/cm2, respectively, and the sensitized specimen did not
show pit-like features and the attack on twin-boundaries. Thus,
for the sensitized specimen, the contribution of the last two terms
of the Eq. (3) to the total anodic current is nil. At the depth of
70 lm, for the desensitized specimen irradiated to 0.43 dpa the
DL-EPR value and the maximum current density during the reacti-
vation loop were 3.81 and 733.0 lA/cm2, respectively, and the irra-
diated desensitized specimen showed pit-like features and attack
on twin-boundaries in addition to attack at grain boundaries. Thus,
though the sensitized specimen and the irradiated desensitized SS
show nearly equal DL-EPR values and reactivation current density,
the current contribution (depth and the width of attack) was high-
er for the sensitized specimen at the grain boundaries as compared
to that for the irradiated desensitized specimen. For the irradiated
desensitized specimen, the current from pit-like features and twin
boundaries also contributed to the total anodic current.

At the depth of 40 lm, for the desensitized specimen irradiated
to 0.43 dpa, the DL-EPR value and the maximum current density
during the reactivation loop of the DL-EPR test were 0.47 and
144 lA/cm2, respectively. At this depth, the number of pit-like fea-
tures was less (Fig. 3b) as compared to that at the depth of 70 lm
(Fig. 3c) where the maximum DL-EPR value was noticed. Thus, at
the depth of 40 lm, the contribution of the last term in Eq. (3) to
the total current is less than that from the first term; the term cor-
responds to grain boundary.

It may be noted that the current density during the reactivation
loop is the measure of the metal dissolution at a particular micro-
structural feature. The higher current indicates higher metal disso-
lution and hence, higher depth of attack at a particular
microstructural feature. Thus, lower current at the depth of
40 lm as compared to that at the depth of 70 lm indicates the
lower depths of attack for microstructural features. This was con-
firmed by measurement of the depth of attack on different micro-
structural features by AFM as depicted in Fig. 5. Though, the
irradiated desensitized SS (at the depth of maximum damage),
shows wide attack at grain boundaries, the contribution to current
due to this (term 1 in Eq. (3)) here is less as compared to thermally
sensitized grain boundaries. This due to the fact that the wide at-
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tack is because of dislodgement of carbides after the surrounding
chromium depletion at the carbides get attacked in the DL-EPR test
(Fig. 9).

4.5. Reproducibility of results

A combination of an electrochemical technique (DL-EPR) fol-
lowed by AFM examination (to measure the depth of attack on var-
ious microstructural features) was used to characterize the extent
of RIS in the irradiated desensitized type 304 SS. Though, EPR was
used in the past to characterize RIS in austenitic SS, a combination
of EPR and AFM examination was only recently used [40,41] to
characterize the extent of RIS in austenitic SS. The advantage of
the EPR technique over analytical techniques (such as STEM–EDS
and AES) is that the DL-EPR value obtained on irradiated sample
is a measure of chromium depletion on a large number of micro-
structural features like grain boundaries, pit-like features, and twin
boundaries. On the other hand, analytical techniques reveal the ex-
tent of chromium depletion at individual grain boundaries. It may
also be noted that extent of chromium depletion on a given grain
boundary is a function of initial chromium level and grain bound-
ary energy. Therefore, it is expected that for a given irradiation
parameters (dose, dose rate, and temperature), the extent of chro-
mium depletion will be different at different grain boundaries. In
view of this, the measurements of chromium depletion at individ-
ual grain boundaries by analytical techniques may not be a true
representation of the effect of a given set of irradiation parameters.
On the other hand, in the case of electrochemical techniques, the
results are obtained from a large number of grain boundaries hence
the difference in chromium depletion due to grain boundary nat-
ure will be averaged out. This increases the reproducibility of the
results obtained using the electrochemical techniques as compared
to the results obtained using analytical techniques.

The proton-irradiation of energy 4.8 MeV results in uniform
damage over first 70 lm of the depth (Fig. 2) and peak-damage re-
gion spans over approximately 10 lm. This provides opportunity
for several measurements (7–10 measurements) in the uniform-
damage region and 1–3 measurements in the peak-damage region
using the electrochemical technique and AFM characterization ap-
proach. Most of the DL-EPR values in the uniform damage region
were in the close range and the calculated level of dpa in the uni-
form damage region is almost constant. This implies that the re-
sults obtained using the DL-EPR technique is fairly reproducible.
Similar observations were made for the same dose level of
0.43 dpa on the same material without desensitization [40] and
on type 347 SS [41]. This further confirms the reproducibility of
the results obtained using a combination of EPR and AFM
examination.

4.6. Implications for resistance to RIS

Unlike thermally-sensitized SS, no chromium depletion zones
are present in un-irradiated desensitized material. Therefore in
the desensitized material during irradiation, the diffusion of Cr
from the grain matrix (due to concentration gradient) to chromium
depletion zones adjacent to grain boundaries would be absent.
Hence in the desensitized material, the level of Cr depletion would
be only affected by RIS and not by the Cr diffusion due to the con-
centration gradient.

The effect of M23C6 on RIS in austenitic stainless steels was not
covered in previous studies [7–13] on the effect of thermal sensiti-
zation on RIS. In the present investigation, the effect of an indirect
enrichment of Cr at grain boundaries in form of M23C6 on RIS (par-
ticularly Cr depletion) was investigated. The results obtained indi-
cated that an indirect enrichment of Cr atoms at grain boundaries
(due to M23C6) was not effective in reducing Cr depletion due to RIS
at grain boundaries. The results have also indicated that the loca-
tion of formation of chromium depletion zones due to RIS has been
shifted from grain boundaries (as would be in the case of type 304
SS without any M23C6 at grain boundaries) to regions adjacent to
M23C6. Extensive chromium depletion (as indicated by the DL-
EPR value of as high as 3.81) adjacent to M23C6 indicated that the
presence of M23C6 was not effective in controlling Cr depletion at
grain boundaries due to RIS. Therefore, use of a desensitized SS
would not offer any advantage against RIS in nuclear power plants.

5. Conclusions

Proton irradiation (to obtain irradiation damage equivalent to
0.43 dpa) was done at 300 �C on type 304 SS subjected to a desen-
sitization heat treatment. The irradiated specimen was tested by
the DL-EPR tests at various depths from the surface and character-
ization of the damage at various microstructural features was done
by AFM. This was compared after DL-EPR and AFM characterization
for the un-irradiated as-received, sensitized, and desensitized SS.
The following are the main conclusions from the present
investigation:

1. The attack during the DL-EPR test was noticed on various
microstructural features viz. grain boundaries, twin boundaries,
and pit-like features within grains. This indicates the develop-
ment of chromium depletion regions at such microstructural
features due to irradiation. This was in contrast to observation
of attack only at grain boundaries for the un-irradiated as-
received, sensitized and desensitized SS. The relative depth of
attack after the DL-EPR can be represented in increasing order
as twin-boundaries > pit-like features > grain boundaries.

2. The nature of RIS changed due to the presence of M23C6 at grain
boundaries. The attack due to chromium depletion (during the
DL-EPR test) started adjacent to grain boundaries (carbide–
matrix interface) instead of at the grain boundaries. As irradia-
tion progressed, the attack due to chromium depletion zones
spread into grain boundaries (at the carbide–carbide
interfaces).

3. The carbide–matrix and the carbide–carbide interface act as
defects sinks for point defects leading to formation chromium
depletion zones at these interfaces due to irradiation.

4. Though the EPR test does not cause attack at the M23C6 carbides
at the grain boundaries, the attack due to formation of chro-
mium depletion zones all around the carbide surfaces due to
RIS led to removal (dislodgement) of M23C6 particles. Therefore,
unlike for grain boundaries without any carbide, grain bound-
aries with M23C6 resulted in more depth and width of attack
regions after the EPR test.

5. The width and depth of attack on grain boundaries in the un-
irradiated thermally sensitized specimen was much more than
that for the irradiated specimen.
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