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DETECTION OF RADIATION-INDUCED CHANGES IN ELECTROCHEMICAL
- PROPERTIES OF AUSTENITIC STAINLESS STEELS USING

MINIATURIZED SPECIMENS AND THE SINGLE-LOOP
ELECTROCHEMICAL POTENTIOKINETIC

- REACTIVATION METHOD*

T. Inazumit, G. E. C. Bell, E. A. Kenik, and K. Kiuchi_

ABSTRACT

A methodology was established to evaluate radiation-induced changes in the
electrochemical properties of several austenitic stainless steels by the single-1.oop
electrochemical potentiokinetic reactivation (SL-EPR) test technique using
miniaturized specimens that were heavy ion or neutron irradiated. The
miniaturized specimens were standard transmission electron microscope (TEM)
disks, 3 mm in diameter by 0.24 mm thick, and a specially designed TEM
specimen holder allowed the miniaturized specimens to serve as the working
electrode of an electrochemical cell. The materials used in this study included a
solution-annealed (SA), titanium-stabilized version of type 316 steel, designated
as LS1A, irradiated with 4 MeV Ni++ ions at 515°C to between 1 and 30
displacements per atom (dpa); an SA and cold-worked (CW) austenitic stainless

, steel developed by the U.S. Fusion Program; so-called "prime candidate alloy"
designated as PCA; and two commercial heats of type 316 stainless steel
irradiated at 420°C to 9 dpa in the Materials Open Test Assembly (MOTA) of the
Fast Flux Test Facility (FFTF) and at 60 to 400°C to 7 dpa in the spectrally
tailored experiments (MFE6J/TJ) in the Oak Ridge Research Reactor (ORR).
Control specimens thermally aged at the irradiation temperatures for appropriate
times were also tested.

Comparison SL-EPR tests on metallographic resin-mounted specimens
(tested area = 0.42 cm 2) yielded similar reactivation curves for a type 304
stainless steel and confirmed the validity of the use of the miniaturized
specimen holder and small specimen areas for SL-EPR testing. Heavy-ion-
irradiated specimens of LS1A irradiated at 515°C to 1, 10, and 30 dpa were first
tested to simulate a neutron-irradiation-induced microstructure and to investigate
the feasibility of using the SL-EPR technique for irradiated substrates before

moving on to neutron-irradiated materials.
Significant changes in electrochemical properties of irradiated specimens,

compared with thermally aged control specimens, such as increases in the
reactivation charge and Flade potential, were detected for ali austenitic stainless
steels irradiated by heavy ions at 515°C and by neutrons at 200°C and above.

" *Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under
contract DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc., and the Japan
Atomic Energy Research Institute.

tNKK Corporation Steel Research Center, Alloys and Corrosion Laboratory, Kawasaki,
Jap_a.

:_D_ment of Fuels and Materials Research, Japan Atomic Energy Research Institute,
Tokai-_nura, Japan.



However, neutron irradiation at 60°C to 7 dpa did not 'affect the electrochemical
properties as measured by the SL-EPR test technique. The reactivation charge
of the neutron-irradiated materials increased with increasing irradiation
temperature, while increases in the reactivation charge and the Flade potential of
the heavy-ion-irradiated material were found up to 10 and 30 dpa, respectively.
Optical and scanning electron microscopy (SEM) of the specimen surfaces after
SL-EPR testing showed grain-boundary etching and, thus, sensitization for
both the heavy-ion-irradiated LS lA and SA and CW PCA irradiated by
neutrons at 400°C and above. Grain-boundary etching was not observed for the
neutron-irradiated type 316 stainless steels. Examination by analytical electron
microscopy (AEM) and X-ray microanalysis of both SA and CW PCA
irradiated at 420°C to 9 dpa in FFFF/MOTA showed that significant radiation-
induced segregation (RIS) had occurred at grain boundaries during irradiation.
Grain boundaries were depleted in chromium, iron, and molybdenum and
enriched in nickel and silicon. Depletion of chromium to apparent levels of 10
to 12 wt % was observed within - 10-nm-wide regions near the grain
boundaries. This depletion of chromium at the grain boundaries is the source of
the grain-boundary etching and sensitization observed following SL-EPR
testing. Surface examination of the specimens also showed grain face attack in
the form of pits or dimples for ali the materials irradiated by both neutrons and
heavy ions at and above 200°C. Grain face attack was not observed for any of
the thermally sensitized control specimens. AEM and X-ray microanalysis
indicated that the grain face attack may be related to the chromium depletion by
RIS near dislocation loops and voids. Further, because the attack was observed
on both neutron- and heavy-ion-irradiated materials, the grain face attack is not •
an artifact of testing radioactive specimens (_f-radiolysis) but rather is
characteristic of the changes in electrochemical behavior of the material due to
irradiation. Because of grain face attack in addition to grain-boundary attack,
the reactivation charge normalized by the total-grain boundary area (Pa), a
conventionally accepted EPR degree-of-sensitization (DOS) criterion, cannot be
used as an indicator of the susceptibility of these irradiated materials to
intergranular stress corrosion cracking (IGSCC). The results of SL-EPR
testing and X-ray microanalysis for the material irradiated by heavy ions at
515°C were similar to those of the materials irradiated by neutrons at 400°C and
above. Therefore, heavy-ion irradiation (HII) may be a useful method for
simulating the RIS caused by neutrons in the temperature range of this study.
Further investigations, including stress corrosion cracking tests [e.g., slow
strain rate test (SSRT) on the same irradiated materials], are necessary to
rigorously correlate the SL-EPR test results obtained in the present study to the
IGSCC susceptibility of the materials.

1. INTRODUCTION

Irradiation-assisted stress corrosion cracking (IASCC) is one form of intergranular stress

corrosion cracking (IGSCC) and is considered a major environmental degradation mechanism

for austenitic stainless steels in water-cooled nuclear power systems. 1"5 IASCC has been

observed in austenitic stainless steels and nickel-based alloys exposed to a fast neutron



" (E > 1 MeV) fluence greater than about 5 x 1020 n/cm 2 either in simulated or actual boiling

water reactor (BWR) and pressurized water reactor (PWR) environments. 1,5 Although the

. precise mechanism of IASCC is currently not known, one theory suggests that enrichment of

impurities, such as phosphorus, sulfur, and silicon, at grain boundaries via radiation-induced

segregation (RIS) plays an important role in increasing the susceptibility of stainless steels to

IASCC. 4-13 The lower susceptibility (i.e., lesser degree of "sensitization") of high-purity

austenitic stainless steels to IASCC supports such a mechanism. 7,8 However, chromium

depletion at grain boundaries also occurs via RIS and has been suggested as a contributor to

IASCC. 6,12-16 The chromium concentration at grain boundaries can be lowered by RIS to

below 12 wt %, the minimum chromium level required to form protective passive films on

austenitic steel surfaces. 1n,15 In addition to less impurity element segregation, the extent of

grain-boundary chromium depletion in high-purity alloys is less consistent than that in

commercial-purity alloys, lt varies among grain boundaries in a given material and from heat

to heat, depending on metallurgical variables such as heat treatment. 17A8

In the case of water-cooled stainless steel components for fusion reactors, IASCC may

• also be a degradation mechanism. 19,20 In this case, RIS characteristics of materials may be

different from those in light-water reactors (LWRs) due to different irradiation conditions,

e.g., harder neutron spectrum and higher neutron flux for fusion reactors. Prime candidate

alloy (PCA) is a titanium-modified austenitic stainless steel developed as a first-wall-and-

blanket (FWB) material in fusion reactors by the U.S. Fusion Program. Since the PCA was

not originally intended for use in high-temperature water environments, the chromium content

was reduced, as compared to conventional austenitic stainless steels for nuclear power

systems (e.g., type 316 stainless steels), in order to increase the swelling resistance of the

alloy. 21 If PCA is used for water-cooled components in fusion reactors, such as the first wall,

limiter, or diverter, the lower chromium content of the alloy may increase the susceptibility of

components to radiation-induced corrosion phenomenon (in particular, IASCC).

When evaluating the susceptibility of materials to radiation-induced sensitization, it is

important to select appropriate irradiation conditions for experiments because RIS behavior is

strongly affected by irradiation temperature, dose rate, and microstructural development. 22,23

• The temperature range over which RIS occurs for a given dose rate is limited: at lower

temperatures, RIS is suppressed because lower vacancy mobility results in higher vacancy

. concentrations and, thus, a higher defect recombination rate; at higher temperatures, RIS is

also reduced because larger thermal vacancy concentrations cause increased solute diffusion

and, thus, faster back-diffusion of solute atoms, which tends to "anneal" the effects of RIS.

The temperature range over which RIS occurs shifts toward higher temperatures with



increasing dose rate. 22,23 In the case of fusion reactors, effects of higher helium generation

rates, as compared with fission reactors, may also have to be considered. 24 In order to better

simulate the anticipated nuclear environment of a fusion reactor, the spectrally tailored

experiment [magnetic fusion energy (MFE)6J/TJ] in the Oak Ridge Research Reactor (ORR)

was recently completed after reaching the damage level of about 7 dpa.25 In this experiment,

the dose rate and helium generation rate (He/dpa ratio) of materials were maintained at values

typical of components for fusion x'eactors, e.g., International Thermonuclear Experimental

Reactor (ITER) FWB. 26 The irradiation temperatures in the MFE6J/7J experiment covered

typical operating temperatures of both water-cooled components for LWRs (288 to 340°C) and

ITER (50 to 200°C).

In assessing the effects of RIS on corrosion resistance, it is desirable to develop

experimental techniques that utilize miniaturized specimens because of the limited space

available in irradiation facilities and the need to minimize radiation exposure of personnel who

handle and test specimens. For successful application of experimental techniques to corrosion

tests of miniaturized specimens, it is essential that the test methods have sufficient sensitivity

to yield meaningful results from small specimen areas. Furthermore, nondestructive corrosion

testing techniques that can be applied to specimens suitable for transmission electron

microscopy (TEM) are preferable because corrosion properties can be directly related to the

microstructure by subsequent analysis of the same specimen.

The single-loop electrochemical potentiokinetic reactivation (SL-EPR) method is a

nondestructive, quantitative test technique that evaluates the degree of sensitization (DOS) of

austenitic stainless steels associated with chromium depletion near grain boundaries. 27-31The

SL-EPR technique was developed to detect thermally induced sensitization caused by

chromium-rich carbide precipitation at grain boundaries. Thermal sensitization occurs when

chromium-rich carbides precipitate and locally deplete the matrix near grain boundaries of

chromium during thermal aging at temperatures between 400 and 700°C. During the

SL-EPR test, passivation is accomplished by setting the specimen potential in the passive

region and, then, the potential is scanned toward the active region (reactivation) where the

passive film is metastable (Fig. 1). The passive film may remain intact only for a limited time

in the active region. However, if an austenitic stainless steel has local chromium depletion

(e.g., along grain boundaries due to chromium carbide precipitation), then the passive film

formed on those areas is generally less stable than that on the average matrix. This situation

leads to earlier local breakdown of the passive film and preferential dissolution during the

potential scan. 3°,31 The local breakdown is detected as an increase in reactivation current,

which accompanies local (e.g., grain-boundary) etching in the region of the chromium
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Fig. 1. Schematic of reactivation curves obtained by SL-EPR testing.

depletion (Fig. 1). A conventionally accepted EPR-DOS criterion is the reactivation charge as

determined by the integrated area below the reactivation curve (Fig. 1). Since, for thermal

sensitization (chromium depletion near grain boundaries), the reactivation current flows only

from the area near the grain boundary, the reactivation charge is normalized by the grain-

boundary area of the tested surface (assuming a fixed depletion width near the grain boundary,

usually ~ 1 I.tm), and the normalized value is designated as Pa. 27.28Sensitized stainless steel.s

show higher Pa values as compared to annealed (non-sensitized) steels. Previous studies have

shown that the SL-EPR method was more sensitive than the conventional wet chemical tests

[e.g., Practices A, B, and E of American Society for Testing and Materials (ASTM) Standard

A262], particularly for the moderate degrees of sensitization of practical importance for

" industrial application. 27,28,32 In the present study, the SL-EPR method was chosen for the

detection of chromium depletion in miniaturized specimens.



Heavy-ion irradiation (HII) has long been utilized to investigate radiation effects

(e.g., RIS) and microstructural evolution under irradiation in materials. 22 Although the

differences in dose rates and prime knock-on atom (PKA) energy spectrum between heavy-ion

and neutron irr_ 5iation make it difficult to establish exact correlations between the damage

induced by these two different types of irradiation, HII offers the advantage of rapid

accumulation of displacement damage (-- 10-3 to 10-4 dpa/s) as compared to neutron irradiation

(< 10-6dpa/s) [refs. 33 and 34] and is a convenient technique for both basic research and alloy

development. In addition, the HII does not induce significant radioactivity in the material and,

therefore, eliminates the complications of specimen handling, testing, and waste disposal

associated with neutron-irradiated materials. In heavy-ion-irradiated materials, the total

damage range is small (~ 1 I.tm) and is located within a few microns of the irradiated

surface. 33,34However, most electrochemical methods are suited to detect the radiation effects

_n such small volumes of materials because these techniques detect changes in the charge

transfer reactions occurring at the specimen surface (e.g., for the SL-EPR test, the instability

of the surface oxide layer as described above). The combination of electrochemical methods,

such as SL-EPR, and HII is well suited to investigate radiation-induced sensitization and other

changes in electrochemical properties due to irradiation. In the present study, an

electrochemical testing system for miniaturized specimens was developed and validated for

thermaliy sensitized materials. The system was then utilized to assess the degree of radiation-

induced sensitization associated with chromium depletion by the SL-EPR method for TEM

disk specimens of neutron- and heavy-ion-irradiated austenitic stainless steels.

2. EXPERIMENTAL PROCEDURES

2.1. MATERIAL

The chemical compositions of the austenitic stainless steels used in this study are shown

in Table 1. As compared to the two type 3 16 stainless steels, PCA and LS1A contain more

titanium to improve swelling resistance. In the PCA, chromium was reduced and nickel

increased to increase the swelling resistance. 21 These materials were solution annealed (SA) at

the conditions shown in Table 1. Cold-worked (CW) samples were also prepared for the

PCA and type 316 stainless steels (25 and 20%, respectively).

Disk-type specimens, 3 mm diam by 0.25 mm thick, were chosen for their availability

from irradiation experiments and for ease of specimen preparation for microstructural analysis

by TEM/analytical electron microscopy (AEM) after SL-EPR testing. By performing

i
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. Table 1. Chemical composition of austenitic stainless steels studied (wt %)

. Steel C Si Mn P S Ni Lh" Mo Ti Fe
i i ii

PCAl 0.05 0.4 1.8 0.01 0.003 16.2 14.0 2.3 0.24 bal

316DO-heat2 0.05 0.8 1.9 0.01 0.016 13.0 18.0 2.6 0.005 bal
316N-lot3 0.05 0.5 1.6 0.01 0.006 13.5 16.5 2.5 bal
LS1A4 0.08 1.0 2.0 13.7 16.4 1.7 0.15 bal

304SS5 0.06 0.6 1.9 0.03 0.008 9.1 18.1 0.5 bal

11100"Cfor0.5 h.
21050"Cfor 1 h.
31050"Cfor 1 h.
41150°C for 1 h.

51(J50"Cfor 1 h.

microstructural analysis on the same specimen after SL-EPR testing, changes in

electrochemical properties of the specimen can be directly related to changes in the

microstructure. The disk specimens were punched from 0.25-mm-thick sheets of the

" materials, and SA specimens were re-annealed before aging or irradiation to remove effects of

the punching operation.

- Specimens of the PCA, LS1A, and type 316 stainless steels were thermally aged to

obtain control data for irradiated specimens and to examine their thermal sensitization

behavior. The PCA was aged at 420°C for 300, 1000, and 5000 h and at 550°C for 300 and

1000 h, while the LSI_ and type 316 stainless steels were aged at 515°C for 9 h and 420°C

for 5000 h, respectively.

Both resin-mounted specimens meeting the recommendation for the SL-EPR test 28,31and

miniaturized disk specimens were prepared from a thermally sensitized (650°C for 2 h)

type 304 stainless steel in order to examine the sensitivity of the miniaturized specimen

technique as compared to the standard specimen geometry of the SL-EPR technique. The

chemical composition of the type 304 stainless steel used for this comparison is also shown in
Table 1.

,li

2.2. IRRADIATION CONDITIONS

2.2.1. Fast Flux Test Facility/Materials Open Test Assembly

The SA PCA, the CW PCA, and the CW type 316 stainless steels were irradiated at

420°C to 9 dpa. The irradiation was carried out in the Materials Open Test Assembly (MOTA)

of the Fast Flux Test Facility (FFTF) in Hanford, Washington, at a dose rate of

i
!
i
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8

9 by 10-7dpa/s and He/dpa ratio of 0.4. The specimens from FFTF/MOTA were selected for

the first experiments with neutron-irradiated materials because of their low residual activity.

Control specimens were prepared as described in Sect. 2.1 to simulate the thermal history of

the irradiated specimens.

2.2.2. ORR.MFE6J/TJ

In the spectrally tailored experiment in the ORR, 25% CW PCA was irradiated at 60,

200, 330, and 400°C to 6.9 to 7.4 dpa. The dose rate and He/dpa ratio were maintained at

values typical for components of fusion reactors, e.g., ITER FWB designs. For example, the

dose rate and He/dpa ratio at 400°C were 1.8 by 10-7 and 16 (calculated from the data for type

316 stainless steel), 25respectively. As compared to the irradiation in FFTF/MOTA, the dose

rate was lower by a factor of 5, while the He/dpa ratio was 40 times higher.

2.3. HEAVY-ION IRRADIATIONS

SA specimens of the LS lA were m'_unted on a thermally controlled block and irradiated

at 515°C to 1 to 30 dpa at a dose rate of approximately 10-3dpa/s. The irradiation was done by °

4 MeV Ni++, which produces the maximum damage and the maximum concentration of

implanted nickel ions at approximately 0.7 and 0.9 ktm below the original irradiation surface,

respectively, as illustrated in Fig. 2. The implanted nickel ions have been reported to work as

excess interstitials and reduce void formation. 33,34 This may also affect RIS to defect sinks.

Prior to the SL-EPR testing, the specimens were sectioned to 0.5 ktm below the original

surface by a gravity-flow, vertical-jet electropolishing 35so that the region near the maximum

damage with the minimum effect of nickel implantation will be exposed during the SL-EPR

testing. Control specimens were prepared as described in Sect. 2.1 to simulate the thermal

history of the most heavily irradiated specimen.

2.4. SL-EPR TEST

Prior to the SL-EPR test, thermally aged and neutron-irradiated specimens were polished

to remove surface oxide films and to obtain a smooth surface so as to obtain the maximum

electrochemical sensitivity. 27,32 An electropolishing technique was adopted for the surface

preparation because of technical difficulties (e.g., holding the specimen), increased personnel ,v

radiation exposure, and spread of contamination resulting from the use of the recommended

mechanical polishing technique 28,31with miniaturized, radioactive specimens. The gravity-

flow, vertical-jet electropolishing apparatus 35 was modified for handling radioactive specimens

i
!
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and waste electrolyte. The schematic drawing of the modified electropolishing apparatus is .

shown in Fig. 3. The electrolyte, room-temperature acetic acid, containing 10% perchloric

acid, was carried up to the column above the nozzle by pressurized air to create a vertical

steady flow. Specimens were polished at 100 to 120 V for 180 to 240 s to remove a surface

layer approximately 50 }.tmthick that sometimes showed unusual microstructures (e.g., finer

grains, carburization) produced during the specimen manufacturing process. After

electropolishing, the specimens were rinsed in methyl alcohol and then acetone prior to.,

testing. For comparison with electropolished surfaces, tests were also conducted on thermally

aged control specimens, which were mechanically polished with 0.05-_m alumina slurry, and

then rinsed in methyl alcohol and acetone.

The schematic diagram of the electrochemical testing system is shown in Fig. 4. The

system consists of the potential/current measurement system, the polarization cell, and the

specimen holder. The measurement system is an EG&G model 273/342, computer-controlled

potentiostat/galvanostat with current resolution of 100 Pa. The polarization cell was

constructed as specified in ASTM Standard G5-87 and modified to have an exterior cooling

jacket for temperature control by circulating temperature-controlled water. The remotely

operated electric drain systems, salt bridge/calomel reference electrode adjusting system, and

test solution supply/cell rinsing system were installed to minimize personnel exposure during

handling of radioactive specimens and waste. Photographs of the testing system assembled in

a hood and the polarization cell are shown in Figs. 5 and 6, respectively.

To perform an experiment, an electrochemically polished specimen was mounted in the

holder, which allows the specimen to serve as the working electrode. A platinum plate

(4 cm 2) was used for the counter electrode. The method for mounting the specimens on the

holder is shown in Fig. 7. The specimen holder was made of acrylic and silicone rubber for

resistance to the sulfuric acid electrolyte recommended tbr the SL-EPR test. Specimens were

placed on a platinum lead wire protruding through the silicone rubber "specimen bed" on the

body of the specimen holder. A hinged face plate with a silicone rubber seal containing a

2-mm-diam hole was pressed down onto the specimen and specimen holder body. This

promoted contact of the specimen with the platinum lead wire and sealed the edges of the

specimen. Only the central 2-mm-diam area of specimen (0.0314 cm 2) was exposed to the

electrolyte during the SL-EPR tests. A photograph of the specimen holder and specimen

loading stand is shown in Fig. 8. °

SL-EPR tests were performed following the test conditions recommended by

Clarke et al., 28and these are summarized in Table 2. A reactivation scan rate of 6 V/h was

normally used; however, in order to increase the sensitivity of the technique, it was necessary



11

ORNL-DWG89-18529

_ j PtWIRE FORz CATHODE

1PtWIRE MESH

FOR ANODE SPECIMEN
HOT

WIRE MESH DRAIN

tr

PRESSURIZED
AIR

P

THERMOCOUPLE CHECK VALVE
WELL

q

Fig. 3. Electropolishing apparatus for specimen surface preparation.
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YP8002

Fig. 8. Specimen holder and loading stand.

4

Table 2. SL-EPR test conditions

Test solution 0.5 M H2SO4 + 0.01 M KSCN

Temperature 30°C

Surface preparation Electropolishing

Surface conditioning 120 s at -600 mV versus SCE

Passivation 120 s at +200 mV versus SCE

Reactivation scan +200 mV versus SCE

to -50 mV versus Ecorr

Reactivation scan rate 6 V/h, 3 V/h m

m

I
111
|
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• to use a scan rate of 3 V/h for the case of the specimens from ORR-MFE6J/7J. The

reactivation current was recorded during the potential scan from +200 mV (versus SCE)

- toward the il/.tial corrosion potential. The DOS was determined by calculating the normalized

reactivation charge, Pa, as described above.2s

2.5. SURFACE EXAMINATION AND MICROSTRUCTURAL ANALYSIS

Specimen surfaces after SL-EPR testing were examined with both optical microscopes

and scanning electron microscopes (SEMs) to determine the morphology of sensitization.

Subsequently, several specimens were prepared for TEM and AEM by electropolishing at

-10°C in 10:6:1 methanol:butyl cellusolve:perchloric acid solution. Microstructural analysis

was performed in a Philips EM400T field-emission gun (FEG) with a field-emission source.

Grain-boundary composition was measured by energy dispersive X-ray spectroscopy (EDS)

with a probe size of 1 to 2 nm in the scanning transmission electron microscopy (STEM)

mode. 36

3. EXPERIMENTAL RESULTS

Ib

3.1. DETECTION OF THERMALLY INDUCED SENSITIZATION

Figure 9 shows reactivation curves of a thermally sensitized (650°C for 2 h) type

304 stainless steel for resin-mounted and miniaturized disk-type specimens mechanically

polished with 1000-grit SiC papers prior to the SL-EPR tests. Both specimens showed

similar reactivation peaks resulting from the sensitizing heat treatment. The peak current

density and the Flade potential (the potential at which the current started increasing as shown

in Fig. 1) were essentially the same for both specimens. These results indicate that thermal

sensitization can be evaluated using the miniaturized specimen technique with the same level of

sensitivity as the standard test technique (i.e., larger specimen areas).

The effects of the electropolished surface finish were examined for the aged PCA alloy.

. An example of the results for the SA PCA aged at 550°C for 1000 h is shown in Fig. 10. The

peak current density and the Flade potential were the same after electropolishing or the

recommended mechanical polishing (0.05-I.tm alumina slurry). 28 No significant differences

between the two reactivation curves were noted, and similar results were obtained for the other

aging conditions. These results indicate that, under the conditions used, electropolishing

i
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- yielded the same results as the recommended mechanical polishing for SL-EPR testing

thermally sensitized material.

. Reactivation curves for the SA and aged PCA are shown in Fig. 11. The peak current

density for the specimen aged at 550°C for 1000 h was approximately two orders of

magnitude higher than that of the SA specimen, and the Flade potential was also higher.

There was no significant difference in reactivation behavior between the specimen aged at

420°C for 5000 h and the SA specimen. The reactivation charges normalized by grain-

boundary area of the tested surface, Pa (coulombs/cm2), were calculated for the specimens

tested and are plotted versus aging time in Fig. 12. The Pa value of the SA PCA was

significantly increased by aging at 550°C for 1000 h, while Pa was not affected by aging at

420"C up to 5000 h. Therefore, any observed increase in Pa for the irradiated PCA in this

study is purely the result of irradiation and not a thermal aging effect.

3.2. EVALUATION OF SENSITIZATION INDUCED BY NEUTRON
IRRADIATION

3.2.1. Specimens from the FFTF/MOTA Irradiationo

3.2.1.1 SL-EPR Test

D

Reactivation curves of the irradiated and thermally aged control specimens are shown for

the SA PCA and CW PCA in Fig. 13. The reactivation current density peak for ali specimens

appeared at approximately -120 mV versus SCE. However, the peak current densities for the

irradiated specimens were approximately three orders of magnitude higher than those of the

thermally aged specimens for both the SA and CW conditions. There was no significant

difference between the reactivation curves for the SA and CW conditions, although the CW

specimens consistently exhibited a higher Flade potential. The Flade potentials were

substantially higher for the irradiated specimens as compared to those of thermally aged

specimens (by approximately 75 and 125 mV for the SA and CW conditions, respectively).

The reactivation charge normalized by grain-boundary area [Pa (coulombs/cm2)] was

calculated for each specimen of the SA PCA and CW PCA, and the results are shown in

- Table 3. The Pa values of the irradiated specimens were more than two orders of magnitude

higher than those of the thermally aged control specimens for both the SA and CW conditions.

. There was no significant difference in the Pa values between the SA and CW conditions. The

Pa measured for each of two specimens in each condition (SA and CW) were in good

agreement, and reactivation curves for each specimen Werereproducible within experimental
error limitations.
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Table 3. Reactivation charge value (Pa) normalized
by total grain-boundary area

Pa coulombs/cm2

Steel Aged* Irradiated

PCA solution annealed 0.14 64.159.9

PCA 25% cold worked 0.24 53.0
54.0

*Average value of two specimens aged at 420°C for 5000 h.
a
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Reactivation curves for the CW 316 DO-heat are shown in Fig. 14. A reactivation

current density peak appeared for the irradiated material, while the thermally aged material did

not exhibit such a peak during SL-EPR testing. Figure 15 shows the reactivation curve of the
irradiated ew 316 N-lot with the results of the irradiated CW 316 DO-heat and CW PCA.

The peak current densities and the Flade potentials were apparently lower for the

316 DO-heat and 316 N-lot as compared to the ew PCA. The 316 DO-heat showed the

lowest peM_current density and Flade potential of these similarly irradiated steels.

3.2.1.2 Surface Examination

Optical micrographs of the SA PCA and CW PCA specimen surfaces after SL-EPR

testing are shown in Figs. 16 and 17, respectively. Thermally aged PCA showed no etching

in either the SA or CW condition [Figs. 16(a) and 17(a)]. On the other hand, the irradiated

specimens were etched in both conditions [Figs. 16(b) and 17(b)]. The irradiated SA PCA

showed etching along grain boundaries and a very fine: etched structure in grain faces

[Fig. 16(b)]. The CW PCA showed similarly etched grain boundaries, grain faces, and some

etched slip lines [Fig. 17(b)]. Similar grain face etching was observed for the irradiated CW

316 DO-heat and 316 N-lot after SL-EPR testing, but grain-boundary etching was not

observed [Fig. 18].
o

SEM micrographs of tb,e specimen surface afer SL-EPR testing are shown for the

irradiated SA PCA in Fig. 19 The grain-boundary etching was discontinuous, and the width

of the etching was not uniform [Fig. 19(a)]. lt appear_ that the finely etched structure

observed on the grain faces [Figs. 16(b) and 17(b)] resulted from corrosion-induced dimpling

with an avenge dimple diameter of 0.5 _tm [Fig. 19(b)]. The depth of etching associated with

dimpling was much less than that at the grain boundaries. The width of the etched grain

boundaries was approximately 1 _m at the widest portion and narrowed to l,ss than 100 nm

near the bottom [Fig. 19(c)]. An SEM micrograph of the irradiated CW PCA is shown in

Fig. 20. The grain-boundary etching and dimpling over grain faces were also observed for

the CW specimen.

Figure 21 shows a specimen surface of the irradiated SA PCA after interrupting the

SL-EPR test at halfway to the peak current density. Initiation of fine etching was observed in

grain faces, while grain-boundary etching was not observed yet. The dimple-shape etching of

the grain faces apparently results from the continuing increase in density of this fine etching.

Initiation of passive film instability and the formation of the fine etching indicates the presence

of local chromium depletion in the matrix.

1
l
!
!

!
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Fig. 16. Optical micrographs of SA PCA after SL-EPR tests: (a) thermally aged
and (b) neutron irradiated. m
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Fig. 17. Optical micrographs of 25% CW PCA specimen surfaces after SL-EPR
tests: (a) thermally aged and (b) neutron irradiated.
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Fig. 19. SEM micrographs of irradiated SA PCA specimen surface after
SL-EPR test.
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Fig. 20. SEM micrograph of irradiated 25% CW
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3.2.1.3 Microstructurai Analysis

The TEM microstructure of the irradiatedSA PCA is shown in Fig. 22. Discontinuous
tt

precipitates were occasionally observed at some grain boundaries. In the matrix, a high

density of faulted loops (~ 50 nm diam) was observed along with a low density of voids. The

formation of fine 3/(Ni3Si) was also observed in the matrix as illustrated in a dark-field image

[Fig. 23(b)]. Figure 24 shows measured composition profiles across the grain boundary in

Fig. 22 for the major and minor alloying elements. Within an ~ lO-nra-wide region at the

grain boundary, chromium, iron, and molybdenum were depleted and nickel, silicon, and

titanium were enriched. The local extremurn (minima or maxima) of each element was always

found at the position of the grain boundary. Similar, but less acute, segregation was detected

at incoherent twin boundaries. No segregation was detected at coherent twin boundaries.

Figure 25 shows the TEM microstructure of the irradiated 25% CW PCA. No

precipitates were observed at grain boundaries in this case. A region of lower dislocation

density was observed in the vicinity of the grain boundary. In the matrix, fine

(~ 40-nm-diam) faulted loops and, occasionally, voids were observed (amid the dense

dislocationnetworkinducedbypre-irradiationcoldworking).However,thevoiddensitywas

significantlylowercomparedwithSA material.Figure26 showsmeasuredcomposition

profilesacrossthegrainboundaryinFig.25 forthemajorandminoralloyingelements.The

resultsshowRIS similartothatintheSA material,althoughtheprofilesareasymmetricwith

respecttotheboundary,andthelocalelementalextrcmumdidnotoccurattheboundary.

The resultsofX-raymicroanalysison thegrainboundariesoftheirradiatedPCA are

summarizedinFig27.The dataforthematrixaretheaverageofcompositionsmeasuredfor

theSA and CW specimens.InboththeSA and CW conditions,grainboundarieswcre

depletedinchromium,molybdenum,andiron,whileenrichedinsiliconandnickel,relativeto

thematrix.The degreeofRIS was morepronouncedintheSA conditionthanintheCW

condition.The apparentchromiumlevelatgrainboundariesrangedfromI0to13at.% for

theSA materialand13to15at.% fortheCW material.The precipitatesobservedintheSA

materialweredepletedinchromium,molybdenum,andiron,whileenrichedinsilicon,nickel,

andtitanium,relativetothematrix.The apparentchromiumconcentrationoftheprccipitatcs

was 12at.%, thesameasthegrainboundariesintheSA material.

X-raymicroanalysisofdefectsingraininteriors,voids,and faultedloopswas also

carriedoutfortheSA PCA inordertoexamineRIS behavioratthedefects.As shown in

Fig.28,regionsnearvoidswere depletedinchromium,molybdenum,and iron,while

:!
ii
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Fig. 22. TEM microgl"aphof SA PCA irradiatedin
" FFFF/MOTA at 420°C to 9 dpa.
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Fig. 23. Dark-field images of SA PCA irradiated in FFFF/MOTA at 420°C to

9 dpa: (a) dislocation loops, 1/2 113 reflection and (b) y (Ni3Si), 110 reflection.
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- Fig. 25. TEM micrographsof 25% CW PCA irradiated in FFTF/MOTAat 420°C
to 9 dpa.
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• enriched in silicon and nickel, relative to the matrix. Faulted loops showed similar RIS,

although at a reduced level (Fig. 29).

" 3.2.2. Specimens from ORR-MFE6J/7J

3.2.2.1 SL-EPR Test

Reactivation curves for the CW PCA irradiated at 60 to 400°C and for an unirradiated

material are shown in Fig. 30. Note the difference in scan rate (3 V/h vs 6 V/h), as compared

to the FFTF/MOTA specimens. As compared to the unirradiated material, the peak current

density was increased by the irradiation at 200°C and above. The increase in the peak current

density was greatest at higher irradiation temperatures. The Flade potential was obviously

increased by the irradiation at 400°C, but there were no significant differences in measured

Flade potentials for specimens irradiated at the lower temperatures. Irradiation at 60°C did not

appear to have any effect on the reactivation behavior of this material.

The calculated Pa values of the irradiated CW PCA are shown as a function of irradiation

temperature in Fig. 31. The Pa values were normalized by total tested area in order to avoid

" overestimation as described later in Sect. 4.2. No significant effect of irradiation on the Pa

value was observed at 60°C. The Pa value was increased by irradiation at 200°C and above as

- compared to the unirradiated material, and at an irradiation temperature of 200°C, the Pa value

was more than an order of magnitude higher than that of the unirradiated material. The Pa

value increased with increasing irradiation temperature and, at 400°C, it was an order of

magnitude higher than that at 200°C.

3.2.2.2 Surface Examination

Optical micrographs of the irradiated specimen surfaces after SL-EPR testing are shown

in Fig. 32 Fine-scale etching across grain faces appeared for the specimens irradiated at 200°C

and above, and the density of the etching increased with increasing irradiation temperature.

The grain-boundary etching was observed only for the specimen irradiated at 400°C, similar to

the FFTF/MOTA specimens irradiated at 420°C. Etching along slip lines was also observed in

. the 400°C specimen (again, similar to the FFTF/MOTA specimens).

SEM micrographs of the surfaces after SL-EPR testing are shown for the 200 to 400°C

• specimens in Fig. 33. Discontinuous grain-boundary etching was found at the irradiation

temperature of 400°C, but at irradiation temperatures of 200 and 330°C, grain-boundary

etching was not observed, and only grain face etching was found. In the specimen irradiated

at 200°C, grain face etching took the form of pitting-type attack. The pits varied in size
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Fig. 32. Optical micrographs of irradiated 25% CW PCA after SL-EPR testing.
Specimens were irradiated to about 7 dpa at: (a) 60"C, (b) 200"C, (c) 3300C, and (d) 40(_C.
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Fig. 33. SEM micrographs of irradiated 25% CW PCA after SL-EPR testing.
Specimens were irradiated to about 7 dpa at: (a) 200°C, (b) 330°C, and (c) 440°C.
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ranging from less than 0.2 to 2 gm. Some of the pits appeared to have initiated as smaller

pits, *,hen grew and coalesced. Note that the original smooth, electropolished surface

remained intact between the pits. At the irradiation temperature of 330°C, the specimen

surface showed dimple-shape attack across the grain face. The dimple diameters ranged from

0.2 to 1 gm. Similar dimple-shape corrosion was observed on the grain face of the 400°C

specimen, but the individual dimples were not as clear as those at 330°C.

SL-EPR testing was interrupted during the reactivation process for the specimen

irradiated at 200°C in order to examine the relationship between increase in the reactivation

current and the development of the grain face attack on the specimen surface. Figure 34

shows the optical micrographs of each specimen surface after interrupting the test. No etching

was observed at the Flade potential. Etching appeared at halfway to the peak current density,

and the density of the etching increased with increasing current density and saturated at the

peak current density.

3.3. EVALUATION OF SENSITIZATION INDUCED BY HEAVY-ION
IRRADIATION

i

3.3.1 SL-EPR Test

The SL-EPR test results for the heavy-ion-irradiated and thermally aged control

specimens of the LS1A are shown in Fig. 35 and Table 4. The thermally aged control

specimens (515°C for 9 h) behaved similarly to an SA specimen (i.e., did not exhibit a

reactivation peak) indicating no electrochemically detectable thermal sensitization even during

the longest HII (30 dpa). Therefore, any changes in electrochemical behavior are likely due to

irradiation by heavy ions. Tile irradiation by heavy ions at 515°C to only 1 dpa was sufficient

to cause the appearance of a Flade potential and a corresponding reactivation peak. Similar

SL-EPR curves were obtained for the 10 and 30 dpa specimens. In general, the Flade

potential increased with increasing damage, while the reactivation charge did not increase

beyond 10 dpa.

3.3.2 Surface Examination

SEMS of the post-SL-EPR test specimen surfaces of the heavy-ion-irradiated LS lA are

shown in Fig. 36. The thermally aged control specimen was not etched or pitted during the .

SL-EPR test and is not shown. Light grain face etching in the form of pitting was found for

the 1 dpa specimen and accounted for the existence of a Flade potential and reactivation peak

'i
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'0mn
. Fig. 34. Optical micrographs of 25% CW PCA irradiatedat 200°C. SL-EPR testing

was interrupted at: (a) Flade potential, (b) 1/2 peak, (c) peak, and (d) -1909 mV from peak.
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Fig. 35. Reactivation curves of heavy-ion-irradiatred LS lA.

Table 4. Flade potentials and reactivations charges of thermally
aged andheavy-ion-irradiated LS 1A

Heatingtime Reactivation
at515°C Dose Fladepotential,EF charge,Pa*

(h) (dpa) (mV versusSCE) (coulombs/cre2)

9.0 0 N/A N/A
0.3 1 -114 0.001
2.8 10 +52 1.165
6.9 30 +70 1.166 "

*Total reactivation charge per unit tested area.
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Fig. 36. SEM micrographs of irradiatred LSlA after SL-EPR tests. Specimens were
irradiated at 515°C to: (a) 1dpa, (b) 10 dpa, and (c) 30 dpa.
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(charge). No grain-boundary etching was observed for the 1 dpa specimen. The 10 and •

30 dpa specimens were similar in appearance to each other and showed etching of both grain

boundaries and grain faces after SL-EPR testing. Qualitatively, the 30 dpa specimen was

more heavily etched at grain boundaries, as compared to the 10 dpa specimen. The etching of

the grain face coarsened with increasing damage.
..

3.3.3 Microstructural Analysis

After irradiation to 1 dpa at 515°C, only a high density (~ 5 by 1020m-3)of small defects

(~ 10 nm diam) was observed in the LS1A [Fig. 37(a)]. Their contrast behavior was

consistent with that for faulted dislocation loops. No grain-boundary precipitation was

observed, nor was any grain-boundary segregation detected. In the 10 dpa specimen, both

faulted dislocation loops (~ 60 nm diam) and similarly sized precipitates were observed

[Fig. 37(b)]. The precipitates were enriched in silicon and nickel and had large, interplanar

spacings consistent with G and eta phase silicides. Both t3 and eta phase were identified at the

grain boundaries from X-ray microanalysis and electron diffraction. The two phases were

distinguished via the chromium level in the precipitate relative to the matrix (G phase contains ,

~ 5 wt % Cr, whereas eta phase contains - 30 wt % Cr). 37 Figure 38 shows a grain boundary

with a G phase precipitate. X-ray microanalysis indicated the occurrence of RIS at the

boundary. Chromium was depleted from an ~ 10-nm-wide region at the boundary, whereas

nickel, silicon, and iron were enriched near the boundary.

In the material irradiated to 30 dpa, precipitates of G and eta phase dominated the matrix

with dislocation segments and faulted loops [Fig. 37(c)]. No voids or cavities were observed.

G and eta phases were also observed at grain boundaries. X-ray microanalysis was

performed on a similar alloy with lower silicon content, which was irradiated to 30 dpa at the

same time. Figure 39 shows the grain-boundary composition profiles typical for this

specimen. Similar to the 10 dpa specimen, the chromium was depleted in an ~ 10-nm-wide

region at the boundary with a minimum value of 11 wt % Cr. Whereas iron was locally

depleted at the grain boundary, a region approximately 4 to 20 nm on either side of the

boundary was enriched in iron relative to the surrounding matrix. A similar but less

pronounced enrichment was observed for chromium. Molybdenum was also depleted at the

grain boundary, whereas enrichment of silicon (~ 2 wt %) and nickel (~ 25 wt %) occurred in

a narrow band at the grain boundary. Just outside of that region, depletion of silicon and

nickel relative to the matrix was observed.

i
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Fig. 37. TEM micrographs of irradiated L$1A. Specimens were
irradiated at S15°C to: (a) I dpa, (b) I0 dpa, and (c) 30 dpa.
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of stainlesssteel similarto LS lA irradiatedat515°C to 30 dpa.
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4. DISCUSSION

4.1. VALIDITY OF THE MINIATURIZED TEST TECHNIQUE FOR THE
SL.EPR

In order to adopt a miniaturized test technique for electrochemical measurements

(SL-EPR), several questions must be resolved: Does the smaller tested area decrease the

sensitivity of the test technique? Does the holder cause crevice effects? Does surface

preparation by electropolishing affect the test results? As shown in Fig. 9, reactivation curves

for the miniaturized test technique and the standard test technique do not show any significant

difference (for example, the existence of crevice could have resulted in increased passivation
,,0

current). This result indicates that, for the SL-EPR test, the miniaturized test technique can

provide the same level of sensitivity as the standard test technique, and the specimen holder

* did not produce crevice effects.

!
J

-I
!
I
!
!



44

The specimen surface condition (e.g., oxide films and roughness) can significantly affect

the SL-EPR test results. 27,32 Mechanical polishing with 1-_tm diamond paste or

0.05-I.tm alumina slurry is recommended for the maximum sensitivity of SL-EPR testing. 28 _,

As shown in Fig. 10, there was no significant difference between the results for the adopted

electropolishing method and the recommended mechanical polishing. This indicates that the

electropolishing technique developed for this study can be used to prepare specimen surfaces

for SL-EPR testing without compromising the results.

Figure 12 shows that the P_ value of the SA PCA was increased above

10 coulombs/cm 2 by aging at 550°C for 1000 h. Jones and Bruemmer have developed a

computer code that calculates (predicts) sensitization based on chromium carbide precipitation

and diffusion kinetics, and they have predicted the thermal sensitization behavior of PCA

using this code. 38 Their calculated results showed that PCA could be sensitized above a

Pa value of 5 coulombs/cm 2 by aging at 550°C for 1000 h. Their calculation is in general

agreement with the results obtained in this study and indicates that thermally induced

sensitization can be reliably evaluated using the miniaturized specimen technique.

4.2. IGSCC SUSCEPTIBILITY OF NEUTRON-IRRADIATED STAINLESS
STEELS

Optical microscopy and SEM of the specimen surface after SL-EPR testing showed

etching along grain boundaries of the PCA irradiated at 400 and 420°C. This indicates that the

material was sensitized by the neutron irradiation and that the sensitization was detectable by

the SL-EPR test technique in the same manner as thermally induced sensitization. The X-ray

microanalysis revealed that the chromium concentration at grain boundaries was decreased to

~ 13 at. % (~ 12 wt %) for both the SA and 25% CW 420°C specimens (Fig. 27). Since the

measured chromium concentration is the average value of the excited volume, which contains

the grain boundary and adjacent matrix, the actual concentration at grain boundaries should be

lower than 12 wt %, the minimum chromium level required to form protective films on

austenitic steel surfaces. This decrease in chromium concentration would be sufficient to

reduce the local stability of the passive film and cause its breakdown and the resulting grain-

boundary etching. Both RIS and radiation-enhanced precipitation can be the mechanisms for

such a chromium depletion under irradiation. In the present study, fine grain-boundary

precipitate_ were observed only for the SA PCA irradiated at 420°C (Fig. 22). However, o

X-ray microanalysis showed that these precipitates were not enriched in chromium as

compared to the matrix or the grain boundaries, while they were enriched in nickel and silicon
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. (Fig. 27). Therefore, such precipitates cannot result in chromium depletion at grain

boundaries. Furthermore, the depletion of oversized solutes (chromium, iron, and

,,, molybdenum) and enrichment of undersized solutes (silicon and nickel) at grain boundaries,
and the narrowwidth of the solute segregation at grain boundaries (~ 10 nra) in this study, are

in good agreement with the reported characteristics of RIS.14,15Therefore, RIS is considered

to be the mechanism by which chromium depletion occurred at the grain boundaries and the

cause of the resulting sensitization.

The reactivation charge [Pa (time integral of current density)] is an accepted criterion to

determine the DOS of a material to IGSCC. A good correlation between IGSCC susceptibility

of austenitic stainless steels (type 304) and the Pa value has been demonstrated.27,2s,39 For

thermal sensitization, the Pa value is generally normalized to represent the charge-per-unit,

grain-boundary area under the assumption that most of the reactivation current comes from

grain boundaries.27,28,39 It has been suggested that IGSCC can occur when the Pa value

exceeds about 2 coulombs/cre2 for type 304 stainless steels. 27 The standard Pa values

calculated for the PCA irradiated in FFTF/MOTA (Table 3) are more than an order of

magnitude higher than this critical value.

The Pa value is calculated by:

QTotal (1)_r Pa- GBA'

Where Q'rotal is the total reactivation charge and GBA is the grain-boundary area, under the

assumption that:

Orotal = QGB, (2)

where QGBis the reactivation charge from the region near the grain boundaries. However, as

shown in Figs. 9(b) and 10(b), both the grain boundaries and the grain faces were etched

during the reactivation process. This indicates that the grain faces contributed to the

reactivation current and, thus,

QTotal= QC;B+ QCF. (3)
,a

where Qcr: is the contribution of the grain faces to the total reactivation charge. Therefore, if

- Eq. (1) is used for the definition of Pa:

QTotal QGB
Pa- GBA > GBA' (4)
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so that the obtained Pa value overestimates the actual reactivation charge associated with the

grain boundaries. If it is assumed that the reactivation current density is the same for grain

boundaries and grain faces:

QGB QGF
GBA- GFA' (5).

whereGFA isthegrainfacearea,then,

QOB*GFA-- QoreGBA (6)

QoB,GFA + Q_._R,GBA= Q6F,GBA + Q._,GBA (7)

QGB,(GFA + GBA) - GBA*(QGF + QGB) (8)

and

QGB (QGF + QGB ) QTotal (9)Pa- GBA- (GFA + GBA)- ATotal '

where ATotaI is the total tested area. The Pa values for the 420°C specimens were thus

normalized to represent the charge-per-unit, grain-boundary area using the total tested area of _'

the specimens, and the results are shown in Table 5. These Pa values underestimate the

contribution from the grain boundaries: based on the relative deep etching at the grain

boundaries as compared to the dimples in the grain faces, the reactivation current density at the

Table 5. Reactivation charge value (Pa)
normalized by total tested area

Steel Pa, coulombs/cm 2

PCA .solution annealed 1.85
1.73

PCA 25% cold worked 1.53
1.56
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grain boundaries was actually higher than that at the grain faces, in contrast with the

" assumption of uniform current density across both regions, which led to Eq. (5).

Nevertheless, the Pa values of the irradiated specimens are still an order of magnitude higher

than those of the thermally aged specimens and close to 2 coulombs/cm2, the critical value for

type 304 stainless steels to be susceptible to IGSCC. For molybdenum-containing austenitic

stainless steels (e.g., type 316), lower critical Pa values have been reported than those for

type 304 stainless steels for the same degree of thermally induced sensitization (as determined

by the Strauss test). 40 It has also been reported that type 316 stainless steels could be

susceptible to IGSCC with Pa values less than 1 coulomb/cre 2 (refs. 31, 41, and 42).

Molybdenum is believed to influence chromium diffusion so that the chromium depletion

becomes narrower and dissolution current decreases.31.'sl Therefore, a lower critical value of

Pa, as compared to type 304 stainless steel, may be required for PCA to be susceptible to

IGSCC. We suggest that neutron irradiation at 420°C up to 9 dpa could have increased the

DOS of PCA to a level at which IGSCC could occur. However, radiation-induced

sensitization and thermally induced sensitization are substantially different processes, and

direct application of the EPR-DOS criteriondeveloped for thermally sensitized materials is not

. strictly valid. The post-SL-EPR microstructure shown by the irradiated specimens apparently

differs from that of thermally sensitized specimens with similar Pa values (an example is

_, shown in Fig. 40). For the irradiated specimens, grain-boundary etching was narrower. This

can be attributed to a narrower width of chromium depletion and suggests that initial flaw

cracks created by preferential dissolution along chromium-depleted areas may have smaller

widths in the irradiated materials. Therefore, the strain at the tip of a flaw will be higher, and

the potential for rupture of the oxide film at the flaw/crack tip would be int.a'eased. Changes in

the mechanical properties by irradiation (e.g., matrix hardening and decrease in ductility) 4a-45

may also affect the susceptibility of the irradiated PCA to IGSCC. Further investigations

including stress corrosion cracking tests, e.g., slow strain rate tensile test (SSRT) in high-

purity aqueous environments which simulate the anticipated operating environment for fusion

reactors, are necessary to rigorously correlate the SL-EPR test results obtained in the present

study with the IGSCC susceptibility of the materials.

The higher He/dpa ratio relative to LWRs is one of the important characteristics of the

" fusion reactor environment that may affect RIS.24 Therefore, spectrally tailored experiment in

ORR was designed to provide dose rates and He/dpa ratios typical of those in fusion reactors.

,, Figure 41 shows the comparison of the reactivation curves of PCA from the spectrally tailored

experiment in ORR (400°C, 7.4 dpa, 1.8 by 10 -7 dpa/s, He/dpa:16) [ref. 25] with those from

the irradiation in FFTF/MOTA (420°C, 9 dpa, 9 by 10.7 dpa/s, He/dpa:0.4) [ref. 46].
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. Specimens from both irradiation experiments showed similar reactivation curves. Although

theFladepotentialwashigherforthespecimenfromFFTF,thedegreeofsensitizationcanbe

consideredtobesimilarforbothirradiationconditions.A definitiveanswerfortheeffectof

eachirradiationparameterisnotyetpossiblefromthiscomparison.However,sincethe

differenceindoseratemay compensateforthedifferenceintemperature22._andRISappears

tosaturateatdisplacementdamagelevelsbetween5 to10dpa(ref.15),thiscomparisonmay

reflec_thedifferenceinHe/dparatio.Therefore,thesimilarreactivationbehaviorafterboth

irradiationconditionssuggeststhatHe/dparatiodoesnotstronglyaffecttheradiation-induced

sensitizationofthismaterial.

InthecaseofITER, thetemperaturesinnormalserviceconditionforwater-cooled

components,suchasanFWB, aredesignedtobeintherangeof50 to200°C (rcf.26).The

degreeofradiation-inducedsensitizationisexpectedtobe lessbecauseofthedecreased

mobilityandtheincreasednurnbcrofrecombinationsofvacanciesandinterstitialsatthelower

temperaturesofITER. Furthermore,thehigherdoserateinITER relativetoLWRs may also

increaserecombination,22,23therebyleadingtoa furtherdecreaseinRIS atthelower

temperatures.InthespectrallytailoredexperimentinORR, the25% CW PCA was irradiated

to7 dpaat60and200°C,thedesigntemperaturerangeforITER. Irradiationat60°Cdidnot

increasethePa valuenorcausegrain-boundaryetchingofthespecimensurfaceduring

"_ SL-EPR testing. After irradiation at 200°C, the Pa value of the material increased by more

than an order of magnitude as compared to the unirradiated condition (Fig. 31), but grain-

boundary etching, an indicator of increasing IGSCC susceptibility, was not found on the

specimen surface after the SL-EPR testing. This indicates that the IGSCC susceptibility of

• this material may not have been increased by irradiation at either 200 or 60°C. Since RIS has

been reported to saturate at this level of displacement damage, _5these results suggest that

IGSCC associated with chromium depiction may not occur for this material in the normal

operating environment of ITER.

4.3. GRAIN FACE ATTACK OF IRRADIATED STAINLESS STEELS

- Grain face attack was observed after SL-EPR testing the austenitic stainless steels

irradiated by neutrons at 200°C and above and heavy ions at 515°C (Figs. 19, 20, 33, and

. 36). Since only grain boundaries are etched while grain faces remain intact for thermally

sensitized materials (Fig. 40), the grain face attack can be considered a result of radiation

effects, e.g. microstructural "_ - _ll_.a_,a, c.ang_, in the _T r:t,D ,.,.1,,,;.,. due ',',Cllalig_s. _t. __:_,,I t..,, "" " o_-_A _,_ ov,,., .......

i
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y-radiolysis from the radioactive specimens 1.5,47 could also be a cause for the attack.

However, grain face attack was also observed for the material irradiated by heavy ions, which

do not emit y-rays and, therefore, cannot cause y-radiolysis (Fig. 36). Therefore, the grain
face attack that was observed can be considered a result of irradiation-induced microstructural

changes and not an artifact of testing radioactive specimens.

Since the SL-EPR test detects the instability of passive films associated with chromium

depletion, the occurrence of grain face attack suggests there was localized chromium depletion

within the matrix, lt has been demonstrated that, under irradiation, chromium depletion can

occur at defects in grain interiors (e.g., voids, dislocation loops) as well as at grain boundaries

via RIS. 36,48,49 Similar RIS was observed in the present study. Both voids and dislocation

loops were found to be depleted in chromium for the SA PCA irradiated at 420°C to 9 dpa in

FFTF/MOTA (Figs. 28 and 29). At voids, the chromium level was reduced to ~ 13 at. %

(.-. 12 wt %), a sufficiently low level to cause breakdown of passive films. However, the

density of voids was not sufficient to account for the etching of the grain faces, particularly in

the CW material. The CW material exhibited similar grain face etching to the SA material,

although the density of voids was much less. At dislocation loops, the measured level of RIS

was not as pronounced as at voids and grain boundaries. However, the measured

compositions are biased toward the matrix composition because of defects not extending

through the entire foil thickness and the finite size of the excited volume associated with

incident probe size and beam broadening effects. Thus, chromium depletion at the dislocation

loops may be similar in magnitude to that at voids and grain boundaries. The results of TEM

on the CW PCA irradiated at 60 to 400°C in ORR are given in Fig. 42 (ref. 50). Large

dislocation loops were formed at the irradiation temperatures above 200°C, and coarsening

occurred at 400°C. This temperature dependence of loop formation is similar to that of the

grain face etching shown in Figs. 32 and 33. Therefore, chromium depletion at the

dislocation loops by RIS can be considered a likely candidate for the observed grain face

attack. The formation of fine _' (Ni3Si) was observed in the matrix of the SA PCA irradiated

at 420°C to 9 dpa in FFTF/MOTA (Fig. 23). These Ni-rich precipitates could also contribute

to the grain face attack as well as chromium-depleted dislocation loops. Radiation-enhanced,

spinodal-type decomposition can also create local chromium depletion in gr.ain interiors. 51

Such a decomposition results in periodic fluctuations of the chromium concentration with a

wavelength of less than 100 nm and could also be responsible for the observed etching, o

The absence of the grain-boundary etching at 330°C and below indicates that at lower

temperatures, the extent of chromium depletion at grain boundaries was apparently less than

j| that at matrix defects. Under the inverse Kirkendall effect, which has been considered a major

.
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RIS mechanism, both a vacancy flux and an interstitial flux toward defect sinks contribute to

RIS.22 The vacancy flux causes depletion of elements that diffuse exclusively via a vacancy

mechanism (normally oversized solute, such as chromium and molybdenum for stainless y
steels), while the interstitial flux causes enrichment of elements thatdiffuse exclusively via an

interstitial mechanism (normally undersized solute, such as nickel, silicon, and phosphorus

for stainless steels). 22 Both the vacancy and interstitial fluxes finally would decrease the

relative chromium concentration at defect sinks through depletion of chromium atoms and

enrichment of nickel, silicon, and phosphorus atoms, respectively. Since removal of a

chromium atom can reduce the relative chromium concentration at a sink more effectively than

capture of a nickel (or silicon, phosph_,us) atom, increasing the contribution of interstitials

and decreasing the contribution of vacancies may result in a lower level of chromium

depletion. Dislocation loops are normally more interstitially biased than grain boundaries, and

a lower level of chromium depletion is expected. However, the EPR test results indicated a

higher level of chromium depletion at dislocation loops. The total point defect flux-per-unit

interface area is larger for dislocation loops than for grain boundaries because the source

volume for the diffusion-per-unit interfacial area is larger for dislocation loops. This

difference in the total point defect flux may be a cause for the lower RIS at grain boundaries

than at dislocation loops. At lower irradiationtemperatures, the level of chromium depletion at

dislocation loops due to RIS becomes sufficient to lower the chromium concentration to less _'

than the critical level needed for formation of passive films, Ce (i.e., - 12 wt % for type 304

stainless steel), while the chromium content at grain boundaries may remain above this critical

value. At higher irradiation temperatures, the overall flux of vacancies and interstitials

increases and, therefore, the level of chromium at both dislocations and grain boundaries

decreases below Ce (Fig. 43).

The results of potentiostatic measurements on ORR/MFE-6J/7J irradiated CW PCA are

shown in Fig. 44 as a function of irradiation temperature at a dose of 7.4 dpa. Changes in

current density as a function of time at a passivating potential were measured. Passivation

rates are slower for the specimens irradiated at higher temperatures, which exhibited severe

grain face attack in the SL-EPR tests. The localized instability of passive films in the matrix

may account for the changes in the passivation rates. Therefore, it can be suggested that such

a localized instability of passive films in the matrix wou!d become the initiation sites t\_r

transgranular stress corrosion cracking (TGSCC) and also would result in an increase of the

general corrosion rate under high-temperature water environments. The CW PCA irradi;itc,t ;_f

200°C exhibited only grain face etching, and the increase in the reactivation current can

,.,,,,.,,°.,,.., be related to the ,4_,,,.I,,,m,_,,, of the fine _.-n'-_nface etching (Fig. 34). In stk'l_ a
!| ...... r.........
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case, the Pa value represents the degree of localized instability of passive films on the matrix

and might be used as an indicator of TGSCC susceptibility and/or general corrosion rate.

4.4. EFFECT OF CHEMICAL COMPOSITION ON RADIATION-
INDUCED SENSITIZATION

Among the CW materials irradiated at 420°C to 9 dpa in FFIT/MOTA, the PCA exhibited

grain-boundary etching, but the type 316 stainless steels did not (Fig. 18). This indicates that

the type 316 stainless steels are less susceptible to radiation-induced, grain-boundary

sensitization. Chromium is critical to the formation of protective passive films, while

molybdenum increases the stability of passive films for most austenitic stainless steels.

Higher chromium and molybdenum contents in the type 316 stainless steels can account for

their lower susceptibility to the grain-boundary sensitization relative to the PCA.

The Pa values calculated using total tested area for these steels are given as a function of

(Cr + Mo) content in Fig. 45. The Pa value decreases with increasing (Cr + Mo) content.

Since the grain-boundary etching was not observed for the type 316 stainless steels
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. (Fig. 18), the Pa values of these steels (Cr + Mo = ~ 19 and 21 wt % for 316 N-lot and

316 DO-heat, respectively) can be considered to represent the degree of instability of the

_, passive film on the matrix. The Pa value for the PCA (Cr + Mo = ~ 16 wt %) is also
representative of the instability of the passive film on the matrixbecause of the relatively larger

contribution of matrix etching to the reactivation charge. Therefore, the results indicate that

passive film instability in the matrix was caused by the local depletion of chromium and

molybdenum and can be reduced by increasing the bulk content of both of these elements.

4.5. HEAVY-ION IRRADIATION FOR A SIMULATION OF RADIATION.
INDUCED SENSITIZATION

Bruemmer et al.52 have measured chromium depletion profiles at grain boundaries in

similar austenitic stainless steels to LS lA irradiatedby heavy ion at 500°C. They found that

the RIS profiles were fully developed by the damage displacement level of 5 dpa with a

chromium depletion width of 10 nm on either side of a grain boundary. In the present study,

the measured chromium depletion at grain boundaries of the 30 dpa specimen did not

" significantly increase as compared to that of the 10 dpa specimen, in good agreement with the

results of Bruemmer et al. Furthermore, the measured reactivation charge did not significantly

'f increase at a damage displacement beyond 10 dpa. Since the reactivation charge is more

sensitive to the contribution from grain faces than that from grain boundaries (because of the

much larger, dissolved area for grain faces), this indicates that RIS at defects in the matrix has

also saturated at 10 dpa. Although it was not evident from the reactivation charges,

electrochemical changes continued to occur at damage displacements beyond

10 dpa. Flade potentials increased with increasing damage displacement up to 30 dpa,

although significantly larger changes occurred between 1 and 10 dpa. The higher Flade

potential for the 30 dpa specimen implies less stability of passive films relative to the 10 dpa

specimen, even though no significant difference was observed between the reactivation

charg_;s of these two specimens. In the present study, the results for materials irradiated by

heavy ions were very similar to those of neutron-irradiated materials. The LS lA irradiated at

515°C to 10 dpa, and the SA PCA irradiated at 420°C to 9 dpa in FFTF/MOTA; both

specimens showed the increase in the reactivation charge and in the Flade potential as

compared to unirradiated materials. In addition to grain-boundary etching, similar grain face
W

etching was observed on the specimen surface after SL-EPR testing both materials. The

measured RIS profiles were also quite similar. This good agreement between the data from

different irradiation conditions was not unexpected when considering the temperature and dose
I1
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rate dependence of RIS. In this case, the difference in the irradiation temperatures would a

partly be compensated by the difference in the dose rates32 One apparent difference between

the results of these two materials is the appearance of the shoulder in the reactivation peak for

the heavy-ion-irradiated LS1A (Fig. 35). Such a shoulder did not appear in the 316 N-lot

(which had similar chemical composition to the LS lA) irradiatedunder the same conditions as

the SA PCA, and, thus, the differences in chemical compositions between the LS lA and the

PCA were not the cause. The appearance of the shoulder suggests that two different levels of

local film instability existed. One possible explanation is the preferential dissolution of the

G-phase. Since the G-phase contains only - 5 wt % chromium, it may dissolve at higher

potentials than required for a film breakdown at grain boundaries and matrix defects.

Precipitation of the eta-phase may locally reduce the chromium level of the adjacent matrix and

could also be a cause for the shoulder. The shoulder did not appear for the 1 dpa specimen,

which may not have contained either G- or eta-phase. The results suggest that, with the

appropriate combination of irradiation temperature and dose rate, HII may simulate radiation-

induced sensitization caused by neutron irradiation quite well and, thus, can be a useful

method for both basic research and alloy development. Compared to neutron irradiation,

higher temperatures should be chosen for HII, because the higher dose rate results in higher

excess vacancy concentrations and greater defect recombination rates? 2 However, in this

case, effects of changes in thermal equilibrium and diffusion (e.g., precipitation) should

carefully be considered.

5. CONCLUSIONS

An electrochemical testing methodoloy for evaluating miniaturized radioactive specimens

was developed. Radiation-induced sensitization of several austenitic stainless steels after

neutron or HII was evaluated by the SL-EPR technique. The following conclusions can be

made:

1. SL-EPR testing of miniaturized specimens can provide reliable data that are comparable

to data obtained with standard (larger) specimens.

2. Significant changes in electrochemical properties, such as increased reactivation current

and Flade potential, were detected for PCA and type 316 stainless steels irradiated at

200 to 420°C up to 7 to 9 dpa in FVrF/MOTA and ORR-MFE6J/'/J.

3. Irradiation at 60°C to 7 dpa in ORR-MFE6J/7J did not affect the electrochemical

properties of PCA.

m
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• 4. Optical microscopy and SEM of the specimen surface after SL-EPR testing showed

grain-boundary etching of both the SA and 25% CW PCA irradiated above 400°C. This

•, indicates grain-boundary sensitization, which may lead to increased susceptibility to
IGSCC. Sensitization was not observed for 20% CW type 316 stainless steels at the

same irradiation condition.

5. X-ray microanalysis indicated significant RIS at grain boundaries in both the SA and

25% CW PCA irradiated at 420°C to 9 dpa in FFTF/MOTA. Grain boundaries were

depleted in chromium, iron, and molybdenum, while they were enriched in silicon and

nickel. Depletion of chromium to apparent levels of 10 to 12 wt % was observed within

an - 10-nra-wide region at grain boundaries. This chromium depletion can be considered

the cause for the radiation-induced, grain-boundary sensitization. Chromium-rich carbide

precipitation was not observed at grain boundaries and was not the cause of the
sensitization.

6. Localized grain face attack was observed in the form of pitting and dimple-shape

corrosion on specimen surfaces after SL-EPR testing of both the SA and 25% CW PCA

and 20% CW type 316 stainless steels irradiated at 200 to 420°C. The attack became
,a,

more severe with increasing irradiation temperature.

7. X-ray microanalysis indicated that RIS resulted in chromium depletion from dislocation

" loops and voids in the matrix by and from grain boundaries for the SA PCA irradiated at

420°C to 9 dpa in FFTF/MOTA. This local chromium depletion may be a cause for

localized passive film instability in matrix and resulting grain face attack during SL-EPR

testing, y precipitates observed in the material may also contribute to the film instability.

8. The degree of the radiation-induced, grain-boundary sensitization and the passive film

instability in the matrix decreases with increasing chromium and molybdenum content.

9. Due to the occurrence of the grain face attack during SL-EPR testing, the reactivation

charge normalized by total grain-boundary area, an accepted EPR-DOS criterion for the

IGSCC susceptibility of thermally sensitized stainless steels, should be modified in

evaluating radiation-induced sensitization under the irradiation conditions investigated.

10. The results of SL-EPR test and X-ray microanalysis for heavy-ion-irradiated material

. were quite similar to those of neutron-irradiated materials. At the temperature range in

this study, HII may be a useful method for simulating radiation-induced sensitization by

neutron irradiation.
aV

11. Further investigations including stress corrosion cracking tests, e.g., SSRT, on the same

irradiated materials are necessary to rigorously correlate the SL-EPR test results obtained

here with the IGSCC susceptibility of the materials.
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