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Abstract

Type 304 stainless steels, solution-annealed and thermally sensitized at 923 K for 0.5 to 24 h, were He-ion-irradiated
up to about 4 dpa at 723 K and radiation-induced segregation (RIS) at grain boundaries was measured by EDS analysis
using a FEG-TEM. Nj, Si and P were enriched, and Cr was depleted at the grain boundaries by irradiation. However,
although the irradiation dose was the same for the specimens, the RIS of the elements linearly increased with the
logarithm of the thermally sensitizing time, except for Cr in the specimen thermally sensitized for 24 h. The en-
hancement of RIS was attributed to the radiation-induced point defects having large mobility in thermally sensitized
stainless steels, because of an expected decrease in C near the grain boundaries and in the matrix after the sensitization
heat treatments. It was clarified by the electrochemical potentiokinetic reactivation test (EPR) that the degree of
sensitization increased with the progress of Cr depletion at grain boundaries. The Cr concentration at grain boundaries
in the heavily sensitized specimen was not changed, and the width of the depleted area was slightly narrowed by the
irradiation. This result could be explained that the diffusion of Cr due to initial Cr concentration gradient near grain

boundaries exceeded the inverse Kirkendall effect. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Particle irradiations induce solute segregation near
grain boundaries in austenitic stainless steels due to
migration of excess vacancies and interstitials formed by
irradiation. As well known, oversized solutes, such as Cr
and Mo, are depleted from grain boundaries and un-
dersized solutes, Ni, Si and P, are enriched by irradia-
tion. The radiation-induced segregation (RIS) increases
with irradiation fluence [1-3]. The segregation is con-
sidered to influence various properties in steels. The Cr
depletion is one of the most important causes of irra-
diation-assisted stress corrosion cracking (IASCC) [2-6].
The threshold neutron fluence of IASCC susceptibility is
considered to range from 5 x 10> to 1 x 10*° n/m? [7,8].

On the other hand, stainless steels containing high C
are sensitized during welding and thermal aging. The
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sensitization is caused by formation of Cr depleted zones
on grain boundaries due to precipitation of Cr carbides.
Susceptibility of intergranular stress corrosion cracking
(IGSCQC) in high temperature water has been related to
the Cr concentration at grain boundaries. In-vessel
components made of stainless steels in light water re-
actor are usually constructed by welding, and some weld
joints should suffer neutron irradiation during reactor
operation. Therefore, a change in SCC susceptibility, as
well as mechanical properties and swelling, caused by
irradiation is practically important especially in heat
affected zones (HAZ) of weld joints.

IGSCC susceptibility in type 304 stainless steels
thermally sensitized at 1023 K for 100 min and followed
by aging at 773 K for 24 h was reported to be enhanced
by neutron irradiation to a very low dose of 3 x 10> n/
m? at 563 K [9]. Moreover, radiation-induced hardening
along grain boundaries in the thermally sensitized
specimen was larger than that in a solution-annealed one
after irradiation up to 4 x 10** n/m? [10]. Swelling in
HAZ of electron-beam-weld joints was also larger than
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that in weld metals and base metal in modified 316L
stainless steel irradiated at 873 K up to 25 dpa [11].

The objective in this work is to investigate funda-
mentally RIS behavior near grain boundaries in ther-
mally sensitized type 304 stainless steel, using He-ion
irradiation.

2. Experimental procedures

The material used in this study was type 304 stainless
steel with 0.054 wt% carbon. The chemical composition
is shown in Table 1. The material was solution-annealed
at 1323 K for 0.5 h. The heat treatments for sensitization
were carried out at 923 K for 0.5, 7 or 24 h in vacuum
followed by water quenching.

The disks for He-ion irradiation and FEG-TEM/
EDS analysis, 3 mm in diameter and 0.2 mm thick, were
electropolished in a solution of 95% acetic acid and 5%
perchloric acid at about 290 K. The electropolished
specimens were irradiated with 100 keV He-ions at 723
K up to a fluence of 3 x 10?! ions/m*> with a flux of
8.3 x 10" ions/m?s by using a Cockcroft ion accelerator.
The distributions of damage and He concentration were
calculated by the TRIM-92 code. The damage and He
concentration peaked at about 300 and 350 nm depths
from the irradiated surface, respectively [12].

The solute compositions near grain boundaries be-
fore and after irradiation were analyzed by FEG-TEM
with an EDS, operating at 200 kV. The smallest spot size
and its probe current were nominally 1 nm and 0.5 nA,
respectively. X-ray spectra were taken at 1-2 nm steps
across the grain boundaries for 100 s each. The X-ray
spectra were converted into concentrations by applying
the ratio technique [13], assuming a thin foil approxi-
mation [14]. The He-ion-irradiated specimens were
sputtered with Ar-ions to clean the foil surface before
EDS analysis. The foil thickness in the analyzed area
was about 100 nm, estimated by counting the number of
equal thickness fringes from the foil edge. The average
dose in the area was calculated to be 4 dpa, neglecting
the surface effect. High-angle and random grain
boundaries were selected for the EDS analysis, which
was carried out at three different grain boundaries per
specimen condition.

In order to estimate macroscopically the degree of
sensitization before and after irradiation, the double-
loop electrochemical potentiokinetic reactivation test
(DL-EPR) was applied [15,16]. The specimens were a
plate of 10 x 10 x 1 mm?, which were polished by #800

Table 1
Chemical composition of type 304 stainless steel used (wt%)
C Si Mn P S Ni Cr Fe

0.054 047 0.99 0.026 0.002 890 1895 bal

Emery paper. For this test, some specimens were irra-
diated with 400 keV He-ions at 723 K to a fluence of
1 x 10?! ions/m? with a flux of 6 x 10'7 ions/m? s. In this
case, the peak damage to be 4 dpa was located at a depth
of about 800 nm from the irradiated surface. The degree
of sensitization was evaluated by the reactivation ratio
of the maximum anodic and reactivation current. The
DL-EPR test was carried out in a solution of 0.5 mol/l
H,SO,; and 0.01 mol/l KSCN at about 303 K while
sweeping the corrosion potential at a rate of 100 mV/
min.

3. Results

Microstructures near grain boundaries before irra-
diation are shown in Fig. 1 for the solution-annealed
specimen and the specimens sensitized at 923 K for 0.5
and 24 h. No carbides are found at grain boundaries in
the solution-annealed specimen. Fine carbides can be
observed at grain boundaries in the specimen sensitized
at 923 K for 0.5 h; the average diameter of the carbides
is 40 nm. In the specimen sensitized at 923 K for 24 h,
coarse carbides, with an average diameter of 180 nm, are
observed along grain boundaries. The carbides are
mainly CryCq type, as confirmed by electron diffraction
and EDS analysis. Sensitizing time dependence of Cr
concentration at grain boundaries is shown in Fig. 2.
The EDS analysis was performed between the carbides.
The Cr concentration decreases with an increase in
sensitizing time; the concentration at the grain boundary
goes down to 11% after sensitization for 24 h. No
change in Ni and Si concentrations at grain boundaries
appears from the sensitization heat treatments, but P is
slightly enriched (cf. Fig. 7(a)).

Fig. 3 shows Cr and Ni profiles near a grain boun-
dary before and after irradiation to 4 dpa at 723 K in a
solution-annealed specimen. The concentration profiles
reproduced here are typical examples; the three con-
centration profiles per specimen all show similar trends.
Before irradiation, Ni and Cr concentrations at the grain
boundary are the same as those in the matrix. Ni con-
centration at the grain boundary is increased by about
1.5% from the matrix concentration due to the irradia-
tion. The Cr and Ni concentrations in the matrix were
determined by measurements at about 200 nm from the
grain boundary. Enrichment of Ni is found in an area
about 10 nm wide near the grain boundary, and ac-
companied by a slightly depleted area. Si and P are also
enriched to about 0.5% and 0.3% at the grain boundary
after the irradiation. By contrast, a small Cr depletion
resulting from the irradiation is observed at the grain
boundary and a slight enrichment of Cr is found on both
sides of the grain boundary.

Cr and Ni profiles near a grain boundary before and
after irradiation are shown in Fig. 4 for the specimen



234 O. Okada et al. | Journal of Nuclear Materials 265 (1999) 232-239

Fig. 1. Microstructures in the vicinity of grain boundaries in type 304 specimens: (a) solution-annealed; (b) sensitized at 923 K for 0.5

h; and (c) sensitized at 923 K for 24 h.

sensitized at 923 K for 0.5 h. Cr concentration at the
grain boundary before irradiation is 17.5% and the de-
pleted area has a width of about 10 nm, while there is no
change in Ni concentration. The Cr depletion near the
grain boundary after irradiation is deeper and wider
than that in the unirradiated specimen. The Cr concen-
tration is 16% at the grain boundary and the width of

Concentration at G.B. (wt%)

Sensitizing time (h)

Fig. 2. Sensitizing time dependence of Cr concentration at grain

boundaries (G.B.) in the specimens thermally sensitized at 923
K.

the Cr depleted area is about 20 nm. The areas, where Cr
is slightly enriched, are just outside of the depleted area.
Ni is enriched at the grain boundary after irradiation.
The enriched area is about 5 nm in width, which is
narrower than the depleted area of Cr. On the other
hand, Si and P are enriched 1.3% and 0.5% at the grain
boundary after irradiation. In spite of having the same
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Fig. 3. Cr and Ni profiles near a grain boundary (G.B.) in the
solution-annealed specimen (a) before and (b) after irradiation
to 4 dpa at 723 K.
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Fig. 4. Cr and Ni profiles near a grain boundary (G.B.) in the
thermally sensitized specimen (923 K x 0.5 h) (a) before and (b)
after irradiation to 4 dpa at 723 K.

irradiation dose, the enrichment of Ni and Si are larger
than that in the solution-annealed one.

The case of the specimen thermally sensitized at 923
K for 7 h is shown in Fig. 5. After thermal sensitization,
the Cr concentration falls down to about 16% at the
grain boundary, but Ni concentration remains at that of
the matrix. The decrease in Cr concentration at the grain
boundary caused by irradiation is remarkably large,
compared with that in the solution-annealed and lightly
sensitized specimens. The width of the Cr depleted area
is about 20 nm, which is, however, nearly the same width
as the lightly sensitized specimen.

The Cr depletion near the grain boundary before ir-
radiation is very large in the specimen heavily sensitized
at 923 K for 24 h, as shown in Fig. 6(a). The minimum
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Fig. 5. Cr and Ni profiles near a grain boundary (G.B.) in the
thermally sensitized specimen (923 K x 7 h) (a) before and (b)
after irradiation to 4 dpa at 723 K.

concentration and width of Cr depletion are 11% and 40
nm, respectively. After irradiation to 4 dpa at 723 K, the
Cr concentration at the grain boundary hardly changes
in comparison with the value before irradiation. The
width of the Cr depleted area after irradiation is half as
narrow as that before irradiation (Fig. 6(b)). However,
slight enrichment of Cr appears on both sides of the
depleted area, and moreover, Ni enrichment of 4.2% is
found in the irradiated specimen. Si and P concentration
profiles before and after irradiation are shown in Fig. 7.
Si and P are also apparently enriched at the grain
boundary by the irradiation. These results suggest the
following: when Cr concentration at grain boundaries is
lower, the concentration dose not seem to be changed by
irradiation, and the width of the depleted area is nar-
rowed by it. In other words, the Cr depletion near grain
boundaries, which occurs because of thermal sensitiza-
tion treatments, is somewhat recovered by irradiation in
this case.

The RIS at grain boundaries is summarized in Fig. 8,
as a function of the logarithm of the thermally sensi-
tizing time. In the figure, the amount of RIS is defined as
the difference between the concentrations in wt% at a
grain boundary after irradiation and before it. Although
the irradiation dose is the same among the specimens,
the RIS of all the elements linearly increases with the
logarithm of the thermally sensitizing time, except for Cr
in the specimen sensitized for 24 h. The segregation of
Ni is about 4% in the specimen sensitized for 24 h, which
is about three times larger than that in the solution-
annealed one. The RIS behavior of Cr remarkably dif-
fers with the degree of sensitization before irradiation.
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Fig. 6. Cr and Ni profiles near a grain boundary (G.B.) in the
thermally sensitized specimen (923 K x 24 h) (a) before and (b)
after irradiation to 4 dpa at 723 K.
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Fig. 7. Si and P profiles near the grain boundary (G.B.) in the
thermally sensitized specimen (923 K x 24 h) (a) before and (b)
after irradiation to 4 dpa at 723 K.

When the specimens were sensitized at 923 K for 0.5 and
7 h, the RIS of Cr increases with sensitization time. In
the case of the specimen sensitized at 923 K for 24 h, the
concentration at the grain boundary is not changed by
irradiation.

In order to confirm the increase in the degree of
sensitization by irradiation, DL-EPR tests were con-
ducted. The reactivation ratio and Cr concentration at
grain boundaries before and after irradiation to 4 dpa at
723 K is shown in Fig. 9 for the solution-annealed
specimen and the specimen sensitized at 923 K for 0.5 h.
The data lie near the curve determined from the ther-
mally sensitized specimen’s data (solid line) [12]. The
reactivation ratio increases from 12% up to 20% by the
irradiation in the specimen thermally sensitized at 923 K
for 0.5 h. The surface micrographs after the EPR test are
shown in Fig. 10 for the unirradiated and irradiated
specimens. Grain boundaries are attacked preferentially
in the unirradiated specimen because of the sensitization
at 923 K for 0.5 h. After irradiation, grain boundaries
are also attacked, but the grooves at grain boundaries
are continuous and deeper than those in the unirradiated
specimen. This result clearly indicates that the degree of
sensitization is increased by irradiation in the specimen.
The reactivation ratio is also slightly increased from

6

RIS (wt% )

_4- | - Lol PR | L
amesea 0.1 1 10 100
Sensitizing time (h)

Fig. 8. Radiation-induced segregation (RIS) at grain bound-
aries caused by the irradiation to 4 dpa at 723 K as a function of
thermally sensitizing time of the specimens. RIS : CS8 — CSB
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0.05% to 2% by irradiation to 4 dpa at 723 K in the
solution-annealed specimen, as also shown in Fig. 9.
However, the solution-annealed specimens before and
after irradiation do not show attack of grain boundaries
in the EPR test.
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Fig. 9. Correlation between reactivation ratio of DL-EPR tests
and Cr concentration at grain boundaries. (M), (®): thermally
sensitized at 923 K for 0.5 h; (O), (O): solution-annealed; (m),
(O): unirradiated; (@), (O): irradiated to 4 dpa at 723 K and;
(—): trend curve of thermally sensitized specimen’s data [12].
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Fig. 10. The surface micrographs after DL-EPR tests in the
thermally sensitized specimens (923 K x 0.5 h): (a) before and
(b) after irradiation to 4 dpa at 723 K.

4. Discussion

It was seen from the results in Fig. 8 that both ra-
diation-induced Ni enrichment and Cr depletion at grain
boundaries are enhanced in the thermally sensitized
specimens compared with the solution-annealed speci-
mens. This segregation is attributed to annihilation of
radiation-produced interstitials and vacancies into grain
boundaries. Hence, the flow of interstitials and vacancies
to grain boundaries seems to be relatively larger in
thermally sensitized specimens. Microstructural obser-
vation was performed in the vicinity of grain boundaries
of the solution-annealed and sensitized specimens irra-
diated to 4 dpa at 723 K. Typical results are seen in
Fig. 11. Many dislocation loops are observed in the
solution-annealed specimen. There is no significant dif-
ference of cluster densities in the vicinity of the grain
boundary and the matrix; the density is 5 x 10°! m~3. In
the specimen sensitized at 923 K for 24 h, defect-free
zones can be seen along the grain boundary, and the
cluster density in the matrix is nearly one order of
magnitude lower than that in the solution-annealed
specimen; the density is 6 x 10** m~3. Precipitation and
coarsening of carbides are not observed at grain
boundaries during the irradiation by TEM.

It is well known that loop formation is markedly
influenced by impurity atoms of C, P and Si, rather than
Cr or Ni, because these impurity atoms act as nucleation
sites for loops during irradiation. No change in Si con-
centration at grain boundaries is found after thermal
sensitization treatments [17]. It was reported that Cr
carbides picked P atoms as precipitation sites [18].
Therefore, P concentration seems to decrease in areas
adjacent to grain boundaries in the sensitized specimens.
On the other hand, C atoms form Cr carbides together
with Cr atoms. As diffusion of C atoms is much faster
than Cr atoms in stainless steels around 923 K [19,20], C
concentration is considered to decrease not only near the

grain boundaries, but also in the whole grains. Assum-
ing all the carbides to be a spherical-shaped Cr,;Cs type
(average diameter: 180 nm, average spacing: 150 nm),
the C concentration in the matrix is estimated to be
about 0.02 wt% in the specimen sensitized at 923 K for
24 h. Since C atoms strongly interact with vacancies
[21,22], the reduction of C concentration in the matrix
and in the vicinity of grain boundaries is considered to
result in an increase in untapped defects, and produces
larger flow of point defects into grain boundaries. The
effect of C concentration on RIS has been suggested in
neutron-irradiated type 348 stainless steels [23]. Fig. 12
shows the correlation between RIS and C concentration
after irradiation to 2 x 10 n/m?*(>1 MeV) at 561 K. C
concentration was determined by chemical analysis and
RIS was measured by FEG-STEM/EDS method. RIS of
Cr, Ni, Si and P are enhanced by lower C concentration.
From the above discussion, the enhancement of RIS in
thermally sensitized stainless steels can be attributed to
radiation-induced point defects having large mobility in
the vicinity of grain boundaries, because of a decrease in
C near grain boundaries and in the matrix after sensi-
tization heat treatments.

There is no difference between the minimum Cr
concentration at the grain boundary before and after
irradiation in the specimen sensitized at 923 K for 24 h.
Ni, Si and P are, however, segregated at the grain
boundary by irradiation, and the RIS for them is
somewhat larger than that in the solution-annealed
specimen (Figs. 6-8). This fact indicates that the RIS is
enhanced in the heavily sensitized specimen. The flux of
Cr to grain boundaries during irradiation, J¢,, is ex-
pressed by the following equation

Jor = —ki-c:Ca: DIV Cy + ky_c: Co: Dy V Cy
— kgDyCyV ey,

where C is the concentration, D the diffusion constant, k
the defect-solute coupling coefficient, / the interstitial
and V the vacancies. The first two terms are due to the
flow of interstitials and vacancies to grain boundaries,
and which make up the inverse Kirkendall effect. The
last term is the diffusion of Cr due to the Cr concen-
tration gradient, which is formed by sensitization before
irradiation. Cy in this term should be the vacancy con-
centration during irradiation, not that of the thermal
equilibrium. J¢, is determined by a balance between the
terms of the inverse Kirkendall effect and the diffusion.
Fig. 13 is a schematic illustration of Cr flows near grain
boundaries by the inverse Kirkendall effect and the dif-
fusion in a heavily sensitized specimen. Since ky_c; is
larger than k;_c, in stainless steels, Cr is depleted from
grain boundaries during irradiation by the inverse Kir-
kendall effect. In the heavily sensitized specimen, the
initial Cr concentration at the grain boundaries is much
lower, and the diffusion term is expected to become



238 O. Okada et al. | Journal of Nuclear Materials 265 (1999) 232-239

Fig. 11. Damage structures near a grain boundary in: (a) the solution-annealed and (b) thermally sensitized specimens (923 K x 24 h)

after irradiation to 4 dpa at 723 K.
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Fig. 12. Correlation between RIS and C concentration in type
348 stainless steels irradiated to 2 x 10 n/m? (>1 MeV) at 561
K. RIS: CSB — cSB
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large. If the diffusion term exceeds the inverse Kirken-
dall effect, further Cr depletion dose not occur by irra-
diation. When the initial Cr concentration at the grain
boundaries is not so low as in the specimens sensitized at
923 K for 0.5 or 7 h, the Cr depletion is enhanced by
irradiation, because the influence of the inverse Kir-
kendall effect is larger than that of Cr diffusion.

5. Summary

The radiation-induced segregation (RIS) in thermally
sensitized type 304 stainless steel was investigated by He-
ion irradiation up to a dose of about 4 dpa at 723 K. The
RIS was measured by FEG-TEM/EDS with a nm elec-
tron probe. The main results are summarized as follows.

After irradiation

Cr diffusion

Before irradiation

Distance from G.B.

Fig. 13. Schematic illustration of Cr flows near a grain boun-
dary due to the inverse Kirkendall effect and Cr diffusion in a
heavily sensitized specimen.
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(1) In the specimens thermally sensitized at 923 K, Cr
depletion at the grain boundaries were observed, which
increased with thermally sensitizing time. Cr concen-
tration at the grain boundary in the specimen sensitized
for 24 h fell down to about 11 wt%. No change in Ni and
Si concentrations at grain boundaries occurred from the
sensitization heat treatments, while P was slightly en-
riched.

(2) When the solution-annealed specimen was irra-
diated to about 4 dpa at 723 K, Ni, Si and P were en-
riched, and Cr was depleted at the grain boundary. The
RIS behavior in the sensitized specimens was similar to
that in the solution-annealed one. However, although
the irradiation dose was the same among the specimens,
the RIS of all the elements linearly increased with the
logarithm of the thermally sensitizing time, except for
Cr in the specimen thermally sensitized at 923 K for
24 h.

(3) The enhancement of RIS in thermally sensitized
stainless steels was attributed to radiation-induced point
defects having large mobility because of a decrease in C
near the grain boundaries and in the matrix after sen-
sitization heat treatments.

(4) It was clarified by the electrochemical potentio-
kinetic reactivation test (EPR) that the degree of sensi-
tization increased with the progress of Cr depletion at
grain boundaries.

(5) Since the diffusion of Cr due to initial Cr con-
centration gradient near grain boundaries exceeded that
of the inverse Kirkendall effect, the Cr concentration at
grain boundaries was not changed by irradiation, and
the width of the depleted area was narrowed by it in the
specimen thermally sensitized for 24 h.
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