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

ELECTROCHEMICAL POTENTIOKINETIC 
REACTIVATION METHOD* 

MZNIATURIZED SPECIMENS AND THE SINGLE-LOOP 

T. Inazumit, 6. E. C. Bell, E. A. Kenik, and K. KiuchiS 

ABSTRACT 

A methodology was established to evaluate radiation-induced changes in the 
electrochemical properties of several austenitic stainless steels by the single-loop 
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 bolder 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 3 16 steel, designated 
as LSlA, irradiated with 4 MeV Ni++ ions at 515OC 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 314 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 (MFE6JDJ) 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 cm2) 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 LS 1A irradiated at 515OC 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 all austenitic stainless 
steels irradiated by heavy ions at 515OC and by neutrons at 200°C and above. 

Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under 
contract DE-ACO5-840R21400 with Martin Marietta Energy Systems, Inc., and the Japan 
Atomic Energy Research Institute. 

TNKK Corporation S tee1 Research Cen ter, Alloys and Corrosion Laboratory, Kawasaki, 
Japan. 

*Department of Fuels and Materials Research, Japan Atomic Energy Research Institute, 
Tokai-mura, Japan. 
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However, neutron irrediatisn at 60°C to 7 dpa did not affecr the elecwwkemical 
propaties as measured by the SL-EPR test technique. 'l%c reactivation charge 
of thc neutron-irradiated materials increased with increasing irradiation 
temperature, w h k  inmeascs in h e  reactivatim charge and the blade potential of 
the heavy-ion-irradiated material were, f o u d  up to 10 acid 30 dpa, respecdvcly. 
Optical and scanning electron m4cros~1;cpy (SEM) of the spczimemi surfaces after 

both tkc heavy-ion-irradiated LS 1 A and SA and CW PCA irradiated by 
neutrons at 4 W C  and above. Grain-boundary etching was not ~ b s e w d  for the 

iaicd type 3 16 stainless steels. Emamination by analytical electron 
microscopy (AEM) and X-ray microanalysis of both SA and CW PCA 
irradiated at 420T to 9 dpa in FFlT,MOTA showed that significant radiation- 
induced segregation (RIS) had occur? ed at pa in  boundaries during irradiation. 
Grain boundaries were depleted in chromium, iron, and molybdenum and 
enrkhed in nickel and silicon. Depletnon of chromium to apparent levels of 10 
to 12 wt % was observed within ,.- 10-nm-wide T C ~ ~ Q ~ S  near the grain 
$oundaries. This depletion of chn.oamitim at the grain boundaries is the source of 
the grain-boundary etching and sensitization obsereled following SL-EPR 
testing. Swdaee examination of the specimens also showed grain face attack in 
the form of pits or dinnples for all the materids irradiated by both ~ i e u ~ o n s  and 
I!ea~y ions at and above 20O0@. Grain face attack was not observed for any of 
the themally sensitized control specimens. AEM and X-ray microanalysis 
indicated that the grain face attack may be related t0 the chromium depletion by 
R E  near dislocation !oops and voids. Further, because the attack was observed 
on both neutron- sand heavy-ion-irradiated materiais, the gain face attack i s  not 
an artifact of testing radioactive: specimens (y-radiolysis) but  rathcr is 
charactwistic of the changes in electrochemical behavior of the material due to 
irradiation. Because of gain face attack in addition to grain-boundry attack, 
the reactivation charge nonnalizd by the total-grain boundary area (Pa), a 
csraventiondlly accepted EPR ~ ~ g ~ ~ e : - o ~ - s e a m s i ~ ~ ~ ~ ~ ~ ~  (DSS) criterion, cannot be 
used as an indicator of the susceptibility of ~ ~ E S C  irradiated materials to 
intergranular stress corrosion cracking (IGSCC). The iesults of SL-EPR 
testing and X-ray mieromalysis for the material irradiated by heavy ions at 
5 15°C were similar to those of the inaterials irradiated by nea~ t f~ns  at 4W0@ 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 
stiain rate test (SSRT) on the same irradiated mater.ials], are nccessary to 
rigorously comelate the SL-EPR test results obtained in the present study to the 
IGSCO susceptibility of the materials. 

x - E m  testing show@$ giain-iloundargr etching and, tilus, sensitization for 

1. IN'TRBDUCTION 

Irradiation-assisted stress corrosion craeking (IASCIC) is one form of intergranular s t x s s  

c~reosion 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 auetenitic stainless steels and nickel-based alloys exposed to a fast neutron 



(E > 1 MeV) dauence greater than about 5 x 1020 dcm2 either in simulated or actual bailing 

water reactor (~~~~ and pressurized water reactor (PWR) environ~ents. 1 3  A l t ~ o ~ ~ h  the 

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

impurities, such as phosphoms, sulfur, an silicon, at grain boundaries via r a d ~ a ~ o ~ . . ~ ~ ~ ~ c ~ ~  

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

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

austenitic stainless steels to JASCC supports such a mechanism.7*8 HoweverL", chromium 

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

IASCC.6~1*-~6 The chromium concentration at grain boundaries can be lowered by WIS to 

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

austenitic steel surfaces.14~15 In addition to less impurity element segregation, the extent of 

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

cornmercial-purity alloys. It varies among grain boundaries in a given material and from heat 

to hrat, depending on metallurgical variables such as heat treatment. 17*18 

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

also be a degradation me~hanism.19-2~ 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 

a titanium-modified austenitic stainless steel developed as a first-wall-and- 

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 

allsy.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, IASCG). 

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 de~eloprnerat.*2;~~ 

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 salute diffusion 

and, thus, faster ~ a c k - d i f f ~ s i o ~  of solute atoms, which tends to "anneal" the effects of RIS. 

The temperature range over which RIS occurs shifts toward higher temperatures with 
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inemsing dose ratc.*2$23 In thc case of fusion reactors, effects of highci hclium generation 

rates, as compaied with fission reactors, may also have to be ~ s n s i d c r d . 2 ~  In order to better 

simulate the anticipated rruclcar eravirorimrnt of a fusion reactor, the spectrally tailored 

experiment [rnagrrctic fusion energy (ME)6J/7J] in the Oak Ridge Research Reactor (ORB) 

was recently complet,ed after rcacliing the damage level of a b u t  7 dpa-25 In this experiment, 

rate and helium generation rate (He/dpa ratio) of materials were tnaintaind at valillucs 

typical of components for fusion reactors, e.g., Intcmmional Thcnnonuclear Expcriincnta;pI 

Rcactor (ITER) FWB.26 The irradiation tcmperatures irr the MII.’E6J/7J experiment covcred 

typical operating temperatures of kaS1 water-cml& cnmponents for T4WRs (288 to 340°C) and 

In assessing the effecis of R9S on corrosion resistance, it is dcsirabic to develop 

cxperirnenral techmiqucs that uti1iL:e miniaturized specimens because of the limited space 

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

ham& and test spe-citnens. For siiccessful application of experimental techniques to cormosios;l 

tests of rniimiaturizcd spccimens, it is essenlial that the test r n e ~ h d s  have sufficient sensitivity 

to yie!d meaningful results from small specimen areas. Furthermore, naondesm-8active corrosion 

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

microscopy ( E M )  are preferable beeause csmsion properties can be directly related to the 

m- l,rosmcture P- 

‘ h e  single-loop electrochemical potentiokinetic reactivation (SL-EPR) met l id  is a 

ncmdcsricdve, quantitative test techmiquc that evaluates the degree of sensitization (DOS) of 
austenitic stainless silecls associated with chromiurn deyktion near grain bundaxics .*~-~~ The 

SE-EPR technique wid s developed to detect thermally iilduced sensitization caused by 

chromium-rich carbide precipitation at graitm boundaries. Thermal sensitization occurs whcli 

chromium-rich carbides precipitate and locally deplete the matrix near grain boui~da-ries of 

cfarnrnii.am during thcrmal aging at ternperaiures between 488 and 700°C. During the 

SL-11PR test, passivaticn is accomplished by setting the specimen potential in the passive 

region and, then, the potential i s  scanned t o w ~ d  the active region (reactivation) where; the: 

passive illm is rnemtahle (Fig. 1). The pqsive film may remain itntact only for a limited dme 

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

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

formcd ori those arcas is generally less stable than that on the average matrix. This situation 

leads to cadiez h x a l  bteakdown of the passive film and preferential dissolution denring the 

potential scan.30s3 The local brcakdown is detected as an increase in reactivation current. 

which accornpanies local (e.g ~ grain-boundary) etching i n  the region of the chromium 

ITER (SO to 200°C). 

by subsequent analysis of the same spcirnca, 
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- C-- Passivation Potentia . ^ - - - - - - - - ” - - - - - - -  

ensitized 

-- Flade Potential 

Fig. 1. Schematic of reactivation curves obtained by SL-EPR testing. 

depletion (Fig. 1). A conventionally accepted EFR-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 g a i n  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 b o ~ d w ,  

usually - 1 pn), and the normalized value is designated as Ba.27p28 Sensitized stainless steels 

show higher Pa values as compared to anne ed (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 

A2621, particularly for the moderate degrees of sensitization of practical importance for 

industrial applieation.27*28?32 In the present study, the SL-EPK method was chosen for the 

detection of chronnium depletion in miniaturized specimens. 



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

(e-g., R K )  and ~nicrostmucturral evolution under irradiation in rnateAals.22 Although the 
differeaices in dose mtcs aid prime knock-on atom (PICA) cncrgy specrrxm between heavy-ion 

and neutroil irradiation m a k  it difficult to establish exact cowelations betweer1 thz damage 

induced by thlese two different types of imdiation, lIIP offers the advantage of rapid 

accurnmlatim of disylaccment damage (- 10-7 to 10" dpds) as compx~d  to neutron irradiation 

(< 10-5 d p d s )  [refs. 33 and 341 and i s  a convenient technique for both basic mearch and alloy 

d k = - d ~ p ~ n ~ .  Jn addlition, the WI dws not induce significant radbactivity in the inaterial and, 

tllerefore, eliminatcs the complications of specimen handling, testing, and wasre disposal 

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

damage range is small (- 1 pan) and is located within a few inicrons of the irradiated 

snrfaee.333 However, most electrwlneuniical methods are suited to detect the radiation eflects 

in such small volumes of materials hecause these techniqanes 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 Sayer as described above). The combination of c!ecm~hernical methods, 

such as SL-EPR, and 1311 is well suited to investigate radiation-induced scnsitizarion and other 

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

e1ecamher:;ical testing system for miniaturized specimens was developed and validated for 

tkcmally sensitized materials. ?%nc system was then utilized to assess the degree of radiation- 

induccd sensitization associated with chromium depletion by the SL-EPW method for ' E M  

disk s p ~ ~ i m e n s  of neutron- arid heavy-ion-imzdiated austenitic stainless steels. 

2, EXPERIMENTAL PROCEDURES 

2.1, MA'I'ERIAL 

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

iil Table 1. As compared to the two type 3 16 stainless steels, ITA and ES 1A contain more 

titanium to improve swelling resistance. In the PCA, chromium was redueed and nicks'l 

inereaced to increase the swelling rcsistamce,21 These materials werc solution annealed (SA) at 

the conditions shown in ' h b k  1. Cold-worked (CW) samples were a:so prcpared for the 

PCA and type 3 16 stainless steels (25 and 20%, aespecdvcly). 

Disk-type specimens, 3 mm diam by 0.25 mrn thick, were chaser: for their availability 

from irradiation expen-irnents and for ease of specimen preparation for microstmctilra1 analysis 

by TEM/analytical elcctron microscopy (AEM) after SL-EPR testing. By pcrformirig 
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Table 1. Chemical composition of austenitic stainless steels studied (wt 5%) 

steel c si Mn P S Ni Cr % TI Fe 

PCA' 0.05 0.4 1.8 0.01 0.083 16.2 14.0 2-3 0.24 &sal 
314 DO-heat2 0.05 0.8 1.9 O,O1 0.016 13.0 18.0 2.6 0. 

LS 1A4 0.08 1.0 2.0 13.7 16.4 1.7 0.15 bal 
3 16 N-la? 0.05 0.5 1.6 0.01 0.006 13.5 16.5 2.5 bal 

304s S5 0.06 0.6 1.9 0.03 0.008 9.1 18.1 0.5 bd 
'1aoo'c for 8.5 h. 
21050°C for 1 h. 

31050°C for 1 h. 

51050'C for 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, LSlA, 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 42OOC for 300, IOOO, and 5000 h and at 55 

hile the LSlA and type 316 stainless steels were aged at 515°C for 9 h and 420°C 

Both resin-mounted specimens meeting the recommendation for the SL-EPR test 28331 and 

miniaturized disk specimens were prepared from a thermally sensitized (65OOC 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. 

2.2. tRKADHATION CONDITIONS 

2.2.1. Fast Flux Test ~ ~ c i l i $ y / ~ a ~ e r ~ a l s  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 c m k d  out in the Materials Open Test Assembly (M 

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



9 by 10-7 dg& and TPeMpa ratis of 0.4. The specimens from FFTF/M(STA were selected for 

the first exper;?men:ts wish nmeutmn-irradi;ited materials because of their low residua). activity. 

C:irntssl specimens were prepwed as described in Sect. 2.1 to simulate the thcrmal history of 

the imdiatd specimens. 

In the spectrally tailored cscpe~xxient in the ORR, 25% C\V PCA was irradiated at t%, 

203, 330, and 403°C to 6.9 to 7.4 dpa. The dose rate and FIeMpa ratio were maintained at 

valucs typical fm csmpoaerits of fusion reactors, e.g., ITER FW designs. For example, the 

dose rate and W d p a  ratio ai 402°C were 1.8 by IO-’ and 15 (calculated from the data for type 

3 16 stainless respectively. As compared to the irradiation in FFTF/MOT14, the dose 

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

2 3 .  HEAVY-ION IRRADliATIQNS 

SA specinxms of the 1,s 1A were mounted on a thermally controlled block and irradiated 

at 5 15°C to 1 to 30 $pa at a dose m e  of approximately 10-3 dpa/s. The inadiatioaa was done by 

4 MeV Nie3, which produces the maximum damage and the maximum concentration of 

iinplanted nickel ions at approximately 0.7 and 0.9 pin below the original. irradiation surface, 

respectively, as illnstmted in Fig. 2. ’The implanted nickel ions have been reparted to work as 

excess intemitials and reduce void fomation.3”34 “This may also affect RIS to defect sinks. 

Prim to thc SI_.-El% tcsiizig, the specimens were sectioned to 0.5 pm below the or&$nnal. 

surface by a gravity -flow, vertical-jet ele~aspolislning3~ so that the region near the maximum 

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

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

history of he m0st heavily irradiated specimen. 

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

to Icm‘i-r~ve sur€;pcc: oxide films and to obtain a smooth sur1ace so as obtain the maximum 

electrochemical s e r a s i t i ~ i t y . ~ ~ ~ ~ ~  An elcctmpolishing technique was adopted for the surface 
prcparatios! because of teclnnical difficmities (e.g., holding the speciii-ren), increased perssnne: 

radiation exposure, and spread of contaniirnationm reculting from ttic usc of the I-ecommended 

mechanical polishing t c c h n i q ~ i e ~ ~ ? ~ ~  with miniaturized., radioactive specimens. The gravity- 

flow, vertical-jet elec&opclishing apparatus35 was indt%d f9r handting r~dioactivc specinlens 



9 

4 MeV 
Nla+ 

Original 
Surface 

‘G 
!on Damage Mi-Ion 

Concentration 
Profile 

/ I 

i 
Sectioned I 

I DIsrance from 
0.5 0.7 1.0 Surface 

(microns) 

Fig. 2. Schematic of heavy-ion-imddiated specimens. 
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and waste electdy te. The schematic drawing of the modified cletcopolishing apparatus is 

shown in Fig. 3. The electrolyte, rmm-temperatwe acetie acid, containing 10% perchloric 

acid, w2s c a n i d  up to the column above the nozzle by przssurizcd air to crea;c a vertical 

steady 'rsow. Specimc w u e  polislaed at 1 0 0  to 170 V for I88 $0 240 s to remove a scrrfacz 

lagics appmxirnately 50 pnl thick that sometimes showed unusual inni@r~sWtlct~~i~~ (e.g., finer 

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

elcctropolishing, the specimens were rinsed in inethyl alcohd and thcn acetone prior to 

testing. For comparison witla electmpslishd surfaces, tests were also coradactd on thermally 

aged control specimens, which were mechanically polished with 0.05-pm alumina s h y ,  md 

thcn rimed in methyl alcohol and acetone. 

Thc schematic diagram of thc electroehemica1 testing system is shown in Fig. 4. The 

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

specimen holder, The mcasurtmetit system is an EG&G andel 2-33/342, computer-cos~tm!Bc$ 

I~oreniiostat/gaEvanostat with cumcnt resolution of 100 Pa, The polarization cd1  was 

coiismcted as specified inn ASTM Staqdad 65-87 and modified to have an exterior coding 

jacket for temperature control by circulating ternperature-con~olled water. The rernatdy 

operated electric drain systems, salt bi-idge/calorncl reference ekctmde adjusting system, and 

tcst solution supply/cce!l rinsing system were installed to minimize personnel exposure during 

handling of radioactive specimens and waste. Photographs of the testing ~ystem assembld in 

a k d  md the pohiization cell are shown in Figs. 5 and 6, respectively. 

To perform an experiment, an electrochemically polished specimen W B S  mounted in the 

holder, which allows the spximen to serve as the working electrode. A platinum plntc 

(4 crn2) was used for the counter clectrde. The method for rnouintirig the specimens on the 

holder is shown in Fig. 9. The spccimen holder was made s f  acrylic and silic~rile i-ukber for 

resistance to the sulfuric acid elecwd yte recommended for the SL-EPK test. Specimens were 

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

body of thc specimen holder. A hinged face platc- with a silicone ml~ber seal containing a. 
2-mm-diam holc %as pressed down onto the specimen and speciincn hdder body. This 

promoted c~?fitacc~ of the speciiiicn with the platinum lead wire and sealed the edges of the 

specimen. Only the ceritral 2-1nrn-diam area of spccimen (0.0314 cm2> was exposed IO the 

cliectia? yte during the SL-EPR  test^. A photograph of the specimen holder and specimen 

lording stand is shown in Fig. 8. 

SJA-EPK :ests were pcrfermed following ahc test conditions recommended by 

Clarlic et a1.,28 and these are summarized in Table 2. A reactivation scsn rate of 6 V/h was 
nomially used; however, in or&: to increase the sea?sitivity of the technique, it was neceswry 
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Fig. 6. Constant-temperature polarization cell. 

ORNL-DW 89M-17041 

Fig. 7. Method +or mounting disk specimens. 
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YP8002 

Fig. 8. Specimen holder and loading stand. 

Table 2. SL-EPR test conditions 

Test solution 

Temperature 30°C 

Surface preparation Electropolishing 

Surface conditioning 

Passivation 

Reactivation scan 

0.5 M H2SO4 + 0.01 M KSCN 

120 s at -600 mV versus S C E  

120 s at +200 mV versus SCE 

+200 mV versus SCE 
to -50 mV versus b n  

6 Vh,  3 V h  Reactivation scan rate 
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to use a scan rate of 3 V/h far the ease of the specimens from QRR- 

reactivation current was recorded during tlhe potential scan from +2 
The 

SCE) 

toward the inkid corrosion potential. The DOS was determi.ned by calculating the normalized 

reactivation charge, Fa, as desai 

2.5. SURFACE EXAMINATION AND M I C ~ O ~ T ~ ~ ~ T U R ~ ~  ANALYSIS 

Specimen surfaces after SE-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 "EM and AEM by electropalishing at 

- 10°C in 10:6: 1 methano1:butyl cel1usolve:perchloric acid solution. Microstructural analysis 

was performed in a Philips EM4OOT 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 

3.1. DETECTION OF THERMALLY INDUCED SENSITIZATION 

Figure 9 shows reactivation curves of a thermally sensitized (650OC for 2 b) type 

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

p~lished with IOQO-grit Si@ papers prior to the SL-EFR 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 cunent 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 

sensitivity as the standard test technique (i.e,9 larger specimen areas). 

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

An example of e results for the SA PCA aged at 550°C for loo0 h is shown in Fig. 18. The 

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

recommended mechanical polishing (0.05-pm alumina 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, e ~ e ~ t r ~ ~ ~ ~ ~ s ~ i ~ ~  
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yielded the same results as the recommended mechanical polishing for SL-EP 

th;hermally sensitized materid 

Reaetbafion c w e s  for the SA and aged PCA are shown in Fig. 11. T 
density for the specimen aged at 550'C for 1 ~ r Q x ~ ~ ~ t e l y  two carders o f  
magnitude higher than that of the SA specimen, and tlhe Flade potential was also higher. 

There was no significant difference in reactivation behavior between the s p e c ~ ~ e ~  aged at 

h and the SA specimen. The reactivation charges nornialized by grain- 

boundary area of the tested surhce, Pa ~ c ~ ~ l ~ m b s / c ~ 2 ~ ,  were calculated for the ~ p ~ i ~ e ~ s  

tested and are plotted versus aging time in Fig. 12. The Pa value of the SA PCA w a s  
significantly increased by aging at 5543°C for 1000 , while Pa was not affected by aging at 

8 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 ef€ect. 

3.2. EVALUATION OF ~ E ~ ~ I T I Z A ~ I ~ ~  INDUCED BY ~ E ~ ~ ~ Q N  
IRRADIATION 

3.2.1. $ ~ ~ c i ~ ~ ~ ~  from the FFTF/ OTA Irradiation 

3.2.1.1 SL-EPR Test 

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

the SA E A  and C PCA in Fig. 13. The reactivation current density peak for all specimens 

appeared at approximately -120 mV versus SGE. However, &e 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 climes for the SA and CW conditions, although the CW 
specimens consistently exhibited a higher Flade potential. The Hade ~ o t e n ~ i ~ l ~  were 

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

specimens (by ~ p p r o ~ i ~ a t e l y  75 and 125 mV for the SA and CW conditions, respecfively). 

The reactivation charge normalized by grain-boundary area [Pa ~ ~ o ~ ~ ~ ~ ~ s ~ ~ ~ ~ ) ~  was 

calculated for each specimen of the SA PGA 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 ~ o ~ ~ ~ ~ f l s .  

"here was IIO significant difference in the Pa values between the SA and CW conditions. The 

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

agreement, and reactivation curves for each specimen were rep cible within experimental 

error limitations. 
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Fig. 11. Reactivation curves for themially aged SA PCA. 
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Table 3. Reactivation charge value (Pa) nomalized 
by total grain-boundary area 

Pa coulombs/cm;! 

Steel Aged" ILrradiated 
-- 

PCA solution annealed 

PCA 25% cold worked 

0.14 

0.24 

64.1 
59.9 

53.0 
54. 

*Average value of two specimens aged at  420OC for 5000 h. 



Reactivation curves for the CW 316 DO-heat we skciwn in Fig. 14. A reactivation 

cwacnt density peak appeared for the irradiated mateir”l,al, while the thkrernmndly aged material did 

not exhibit such a peak dcring §E-EPW testing. Figure 15 shows thc reactivation curve of the 

irradiated CW 316 N-lot with the results of the irradiated CW 316 DO-heat and CW PCA. 

The peak caanermt densities and the Hade potentials were apparently lower for the 

316 DO-heat and 316 N-lot as compared to the CW PC4. The 316 DO-heat showed the 

lowest peak current density and Hade potential of these similarly i r r d i a t d  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. Themally 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(6)]. The irradiated SA PCA 

showed etching along grain b ~ ~ u n d x i e s  and a very fine, etched structure in grain faccs 

[Fig. 16(b)j. ‘Ihe CW PCA showed sirnilwbj etched p i n  bouidaries, gain faces, and som;: 

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

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

obsei-ved [Fig. as]. 
SEM micrographs of the specimen surface afeir 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 ne t  uniform [Fig. 19(a)]. It appears that the finely etched stxucture 

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

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

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

boundaries was approximately 1 prn at thc widest yortisn 2nd narrowed to less than 100 nrn 

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

Fig. 20. The grain-bsunday etching and dimpling over grain faces were also ohservcd for 

the @W specimen. 

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

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

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

the g a i n  faccs 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 grcsenee 

of local chromium depletion in the matrix. 
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Fig. 16. Optical mimgraphs of SA PCA after SLEPR tests: (a) thermally aged 
and (6) neutron irradiated 



23 

P 



24 

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 
FCA specimen surface after SL-EPR test. 

Fig. 21. Optical micrograph of irradiated SA PCA 
specimen surface after SL-EPR test-interrupted halfway 
to the peak current. 
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S.%.%.3 Microstructural A 

The TEM microstructure of the irradiated SA PCA is shown in Fig. 22. Discontinuous 

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

density of faulted nm &am) was observed along with a. low density of voids. The 
fomwtion of fine s also observed in the matrix as illustrated in a dark-field image 

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

Fig. 22 for the major and minor alloying elements. Within an - 10-n -wide region at the 

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

were enriched, The lcal extremum (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 obsemed at grain boundaries in this case. A region of lower dislocation 

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

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

dislocation network indu ation cold working). However, the void density was 

significantly lower compwed with SA material. Figure 26 shows measured composition 

profiles across the grain boundary in Fig. 25 for the major and minor alloying elements. The 

results show RIS si that in the SA material, although the profiles are asymmetric with 

elemental extremum did not occur at the boundary. 

The results of X-ray microanalysis on the grain boundaries of the irradiated PCA are 

s u m m ~ d  in Fig 27. The ata for the matrix are the average of compositions measured for 

the SA and CW specimens. In th the SA and CW conditions, grain boundaries were 

depleted in chromium, molybdenum, and iron, while enriched in silicon and nickel, relative to 

the matrix. The degree of FUS was more pronounced in the SA condition than in the CW 

condition. The apparent chromium level at grain boundaries ranged from 10 to 13 at. '3% for 

the SA material and 13 to 15 at. % for the CW material. The precipitates observed in the SA 

material were depleted in chrorniunxn, molybdenum, and iron, while enriched in silicon, nickel, 

and titanium, relative to the . The apparent chromium concentration of the precipitates 

was 12 at. 96, the same as the boundaries in the SA material. 

X-ray microanalysis of defects in grain interiors, voids, and faulted loops was also 

out for the SA PC in order to examine IUS behavior at the defects. As shown in 

Fig.. 28, regions near voids were depleted in chromium, molybdenum, and iron, while 
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Fig. 22. "EM rnimgraph of SA PCA irradiated in 
FFIWMOTA as 42OOC to 9 dpa. 

ORNL-DWG92-5195 

Fig. 23. Dark-field images of SA PCA irradiated in FFIF/MUI'A at 420OC to 
9 dpa: (a) dislocation loops, 112 113 reflection and (b) y (NigSi), 110 reflection. 
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Fig. 27. Composition of two grain boundaries and precipitates in 
SA PCA and two grain boundaries in 25% CW PCA, both irradiated in 
FFTF/MOTA at 420T to 9 dpa. 
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enriched in silicon and nickel, relative to the matrix. Faulted loops showed similar 

although at a reduced level (Fig. 29). 

3.2.2.1 SL-E 

Reactivation curves for the CW PCA irradiated at 60 to 4 "C and for an unirradiated 

material are shown in Fig. 30. Note the difference in scan rate (3 V h  vs 6 Vh), as c o m p x d  

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

density was increased by the irridiation at 208°C and above. The increase in the peak current 

density was geatest at higher irradiation temperatures. The Hade potential was obviously 

increased by the irradiation at 40O0C, but there were no significant differences in measured 

Hade potentials for specimens irradiated at the lower temperatures. Irradiation at 

appear to have any effect OII 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. 3 1. 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 2 "C and above as 

compared to the unirradiated material, and at an irradiation temperature of 20O0C, 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 4OO"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 W 0 C ,  sinlilar to 

the FFIWMOTA specimens irradiated at 420OC. Etching along slip lines was also observed in 

the 400°C specimen (again, similar to the FETFYMOTA specimens). 

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

temperature of 40OoC, but at irradiation temperatures of 208 and 330°C, grain-boundasy 

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

at 20OoC, grain face etching took the form of pitting-type attack. The pits varied in size 

$EM micrographs of the surfaces after SL-EPR testing are shown for the 2 
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Fig. 30. Reactivation curves of 25% CW PCA irradiated 
in ORR-MFE(-i.J/7J at 60 to 400°C to about 7 dpa. 
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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) W C ,  (b) 2WC, (c) 3WC, and (d) 4OOOC. 
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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) ZWC, (b) 33OOC, and (c) 440°C. 
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ranging from less than 0.2 to 2 pm. Some of the pits appeared to have initiated as smaller 

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

remained intact between the pits. At the irradiation temperature of 33OoC, the specimen 

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

0.2 to 1 pm. Similar dimple-shape corrosion was observed on the grain face of the 4QOOC 

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

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 Hade 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 

3.3.1 SL-EPR Test 

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

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

specimens (515OC for 9 h) behaved similarly to an SA specimen (i.e,5 did not exhibit a 

reactivation peak) indicating no electrochemically detectable thermal sensitization even during 

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

irradiation by heavy ions. The irradiation by heavy ions at 515OC to only 1 dpa was sufficient 

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

SIA-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 IA 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 B dpa specimen and accounted for the existence of a Flade potential and reactivation p e k  
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Fig. 34. Optical micrographs of 25% CW PCA irradiated at 2WC. SL-EPR testing 
was interrupted at: (a) Hade 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 1A. 

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

Heating time Reactivation 
at 5 15°C Dose Hade potential, EF charge, Pa* 

(mV versus SCE) (coulombs/cm*> (h) @Pa) 

9.0 
0.3 
2.8 
6.9 

0 
1 

10 
30 

NIA 
-1 14 
+52 
+70 

N/A 
0.001 
1.165 
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 5 15OC to: (a) 1 dpa, (b) 10 dpa, and (c) 30 dpa. 



(charge). No grain-boundary etching was observed for the 1 dpa specimen. The 10 

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 515OC, only a high density (- 5 by 102') m-') of small defects 

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

consistent with that for faulted dislocation loops. N o  grain-boundary precipitation was 

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

faulted dislocation loops (- 60 nm diarn) and similarly sized precipitates were observed 

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

spacings consistent with G and era phase silicides. Both G 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 fox 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 obsemed for chromium. Molybdenum was also depleted at the 

gain boundary, whereas enrichment of silicon (- 2 wt %) and nickel (- 25 wt 96) 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. 
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Fig. 37. TEM micrographs of irradiated LSlA. Specimens were 
irradiated at 5 15OC to: (a) 1 dpa, (b) 10 dpa, and (c) 30 dpa. 
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Fig. 38. Grain boundary in LSlA irradiated at 515OC to 10 dpa. 
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Fig. 39. Iron, chromium, and nickel profiles at grain boundary 

of stainless steel similar to LS 1A irradiated at 5 15°C to 30 dpa. 

4. DISCUSSION 

4 . 1 .  VALIDITY OF THE MINIATURIZED TEST TECHNIQUE FOR THE 

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 

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. 
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The spccimen surface condition (e.g., oxide films and roughraess) can significantly affwt 

the SL-EPR test r e ~ u l t s . ~ ~ ~ ~ ~  Mechanical polishing with 1 -pm diamond paste or 

0.05-pm alumina slurry is recommended for the maximum sensitivity of SE-EPW testing23 

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

electropolishirng method and the ;.econmmcndd mechanical polishing. This indicates that the 

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

for SE-EPW testing without compromising the results. 

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

10 coulsmbs/cm2 by aging at 550°C for 1000 11. Jones and Bmemmer have developed a 

computer ccdc lhat calculates (predicts) sensitization based on cltalroanium carbide precipitation 

and difhsion kinetics, and they have predicted the thennai sensitization behavior of PCA 

using this ~<pQe.~8 Their calculated results showed that ITA could be sensitized above a 

Pa value of 5 coulombs/crn* 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 rniriiatuxizd specimen technique. 

4.2, IIGSCC SUSCEIP'T'lHI[EPTY OF NEUTRON-IRRADIATED STAINLESS 
STE,EES 

Optical microscopy and SEM of the specimen surface aft'rea SL-EYR testing showed 

eEching along grain bounsluks s f  the PCA 'madiated at 400 and 428OC. 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 Ievealed that the chromium conceaa,rration at grain boundaries was decreased to 

- 13 at. 96 (- 32 wt %) for both the SA and 25% CW 428OC specimens (Fig. 27). Since the 

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

the gain boundary and adjacent matrix, the aciual concentration at grain b ~ t ~ ~ h i e s  should be 

lower than 12 wt %, the minirriurn ChiQXllium level required to €om protective films on 

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

reduce the. iocal. stability of the passive film and cause its breakdown and the resulting g a i n -  

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

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

precipitates wcre observed only for the SA PCA inradiatcd at 420°C (Fig. 22). However, 

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

compared tu the r n a ~ l x  or the gain boundaries, while they were enriched in nickel and silic~n 
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(Fig. 27). Therefore, such precipitates cannot result in chromium depletion ai grain 

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

r n o l y ~ e n ~ ~ )  and enrichment of undersized solutes (silicon and nickel) at 

in good agreement with the reported characteristics of RIS.*4J5 Therefore, RIS i s  considered 

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

cause of the resulting sensitization. 

The reactivation charge [Pa (time integral of current density)] is an accepted criterion to 
determine the D S of a material to IGSCC. A good correlation between PGSCC susceptibility 

of austenitic stainless steels (type 304) and the Pa value has been demonstrated.27J8.39 For 

thermal sensitization, the Pa value is generally normalized to represent the cbarge-per-Uni& 

area under the a ~ ~ ~ m p ~ o n  that most of the reactivation current comes from 

s.27.28939 It has been suggested that IGSCC can occur when the Pa value 

exceeds about 2 coulombs/cm2 for type 304 stainless steels.27 The standard Pa values 

calculated for the PCA irradiated in FJ?IT/MOTA (Table 3) are more than 

magnitude higher than this critical value. 

The Pa value is calculated by: 

w width of the solute segregation at n boundaries (- 1 

QTotaI 
GBA ’ Pa = 

where QTotd is the total reactivation charge and CBA is the grain-boun 

assumption that: 

area, under the 

Ql’otal= QGB , 

where QGa is 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 

= QGR + QGF , (3) 

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

Eq. (1) i s  used for the definition of Pa: 

QTotal QCB 
GBA ’m’ Pa = 
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and 

where ATotal is h e  total tested m a .  The Pa values for the 420'C speciniens WCR thus 

~~~~~i~~ to represent the charge-per-unit, grain-bund area using the tatd tested mea of 

the specimens, and the results are sho n in 'hble 5. These Pa values underestimate the 

contributicpn fram the g a i n  u n d ~ e s :  based on the relative deep etching at the g a i n  

bmdaries as compzd  to the dimples in elae @n faces, ahe reactivation c m n t  density at the 

Table 5. Reactivation charge value (Pa) 
norma&zd by total tested sea 

PC4 solution mnedeolk 

PCA 25% cold worked 

1.85 
1.73 
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 E¶. (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 molybdenurn-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/cm2(refs. 31, 41, and 42). 

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

becomes narrower and dissolution current decreases.31t41 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 420OC 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 criterion developed 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 chromiumdepleted 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 increased. Changes in 

the mechanical properties by irradiation (e.g., matrix hardening and decrease in ductilityj43"5 

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 &he 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.Z4 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 (4OO0C, 7.4 dpa, 1.8 by dpa/s, He/dpa: 16) [ref. 251 with those from 

the irradiation in FFTFNOTA (42OoC, 9 dpa, 9 by dpa/s, He/dpa:Q.4) [ref. 461. 
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Fig. 40. Optical micrograph of thermally sensitized 
25% CW PCA after SL-EPR test (aged at 62OOC for 2 h, 
Pa = 1.64 C/cm*). 
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Fig. 41. Comparison of reactivation curves for different irradiation 
conditions. 



y-radiolysis from the radioactive ~peciniens"5.~7 could also bc a cause for the ataack. 

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

dcu not emit y-rays and, therefore, carinst cause: *f-radiolysis (Fig. 36). 'Iherefore, the grain 

face at:ack that was observed can be considered a result of irradiation-induced microstructural 

changes and not an mifact of testing radioactive spximens. 

Since the SE-EPR test detects the instability of pzssive films asskiated with chromium 

depletion, the mcuxicence of gmisi facc attack suggests there was lacalizd chronmium depletion 

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

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

via WTS.36148*49 Similay. RIS was obsewed in the present study. 930th voids and dislocation 

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

FbTF/IVIOTA (Figs. 28 and 29). '4t voids, the chronniurn 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 ihe etching of t e grain faces, particularly in 

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

althoiigh the density of voids was much less. At dislocation loops, the measured level of KIS 

wads not as pronounced as at voids and grain boundaries. I'lowever, 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 deplehn at the dislocation 

loops may be similar in magnirude ;a that at voids and grain b o u n d ~ e s .  The results of ? E M  

on the CW BCA irradiated at 60 to 480°C in ORR are given in Fig. 42 (ref. 50). Large 

dislwation loops were forme at the irradiation tenapcratures above 20Qo@, and coxscning 

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

grain face etching shown in Figs. 32 and 33. The fo re ,  chromium depletion at the 

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

attack. The formation of fine 7' (Ni,Si) was obsewed in the matrix of the SA PCA irradiated 

at 420°C to 9 dpa in FI;I'F/MOTA (Fig. 23). Thew Ni-rich precipitates could also contribute 

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

spinodd-type decomposition can also create Iocal chromium depletion in g a i n  imreriors.51 

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

wavelength of less than 100 ~ i r n  and could also be responsible for the observed etching. 

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

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

that at rnairix defects. Undcr the inverse Kirkendall effect, which has been considered a major 
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Fig. 42. Dark field images of irradiated 25% CW PCA. Specimens were irradiated to 
about 7 dpa at: (a) 6OoC, (b) 200"C, (c) 330°C (13 dpa), and (d) 400°C. 
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BPS mechanism, both a vacancy flux and an interstitial flux toward defect sinks contribute to 

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

mechanism (normally oversized solute, such as chromium and molybdenum for stainless 

steels), while the interstitial flux causes enrichment of elements that diffuse 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, phosphorus) 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 RXS at grain boundaries 

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

dislocation loops due to RXS becomes sufficient to lower the chromium concentration to less 

than the critical level needed for formation of passive films, Cc (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 Cc (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 severc 

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 would become the initiation sites for 

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

general corrosion rate under high-temperature water environments. The CW PCA irradinrcd a t  

200OC exhibited only grain face etching, and the increase in the reactivation currcnt c:in 

conclusively be related to the development of the fine grain face etching (Fig. 34). I n  xoc-li  a 
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case, the Pa. value represents the degree of localized instability of passive films on the matrix 

md might be u s d  as an indicator of 'I'GSCC susceptibility and/or general conmion rate. 

4.4 EFFECT OF CHEMICAL COMPOSPTIO 
INDUCED SENSITPZATSON 

martcrids im&ated at 428°C to 9 dpa in FTTFMO'TA, the 
p i n - b u n d q  etching, but the type 316 stainless steels did not (Fig.. 18). This indicates that 

the type 3 16 stainless steels are less susceptible to radiation-induced, grain-bsundaary 

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

molybdenum increases the stability of passive f h s  for most austenitic stainkss steels. 

their lower susceptibility to the p i n - b u n  

The Pa d u e s  calculated using tstd tested area for these steels we given as a function of 
(Cr +- h40) content in Fig. 45. The Pa value decreases with increasing (Cim + Mo) content. 

Sirice the grain-boundary etching was not observed for the type 314 stainless steels 

i%ghe~ C~"~~OITX~UIII and m d y  eniirn contents in the type 316 stainless steels can account for 

sensidzation relative to the PCA. 

Q o  1--7 420"C, 9 dpa, FFTF/MQTA 

1 4  1 6  1 8  2 0  2 2  

Cr + Mo Cawtent (wt%) 

Fig. 45. Effect of chromium and molybdenum content of Pa 
values of cold-worked austenitic stainless steels irradiated in 
F"F/MOTA at 420°C to 9 @a. 
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(Fig. 181, 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 %rg) is 

representative of the instability of the passive fih on the matrix because of the xeliatively hrger 

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

passive film instabilit~ in the matrix was caused by the local depletion of chromium md 

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

4.5. HEAVY-ION IRRADIATION FOR A SIMULATION OF 
INDUCED SENSITIZATI 

Bruemmer et a122 have measured chromium depletion profiles at grain baundarjies in 

similar austenitic stainless steels to LS 1A irradiated by heavy ion at 5 "C. Tney found that 

the €US 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 Bmemer  et al. Furthermore, the measured reactivation charge did not significmaly 

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

sensitive to the contribution fiom grain faces than that from grain b u n  es (because of the 

much larger, dissolv mea for grain faces), this indicates that 

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

electrochemical changes continued to occur at damage displacements 

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

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

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

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

charges of these two specimens. In the present study, the results for rnatefials irradiated by 

heavy ions were very similar to those of neutron-imdiated materials. e LS 1A ~ a d ~ a ~ e ~  at 

515°C to 10 dpa, and the SA PCA irradiated at 420°C to 9 dpa in ~ ~ / ~ ~ ~ A ~  both 

specimens showed the increase in the reactivation charge and in the Flade ~ ~ t e n t i a l  as 

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

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

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

different ~ ~ a t ~ ~ n  conditions was not unexpected when considering the temperature arnd dose 

S at defects in the m 
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rate dependence of NS. In this case, the difference in the irradiation t ~ ~ ~ ~ ~ ~ ~ ~ ~ e s  would 

partly be ccrmpensatd by the difference in the dose rat~cs,22 One apparent difference between 

the results of these two mtexials i s  the appearance sf the shoanldes in the reactivation pe,& for 

the heavy-ion-inadiated LSlA (Fig. 35). Such a shsarlder did nod appear in the 316 N-lot 

, and, thus, the differences in clsemical compositions between the X31A a d  the 

PCA were not the cause, The a~~~~~~ sf the shedder siiggesas ha t  two different levels of 

l w J  film instability existed. One possible explmation is the preferential dissolution of the 

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

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

Recipitatinfa of the eta-phasc may locally reduce h e  chonmilman level sf the adjacmt matrix arnd 

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 ose rate? HI1 may simulate radiation- 

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

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

higher te~nperatures should lx chosen for WII, k a m e  the higher dose rate results in higher 

excess vacancy c~ncentrations and greater defect recombination rates.22 However, in this 

case, effwts of changes in thermal equilibrium an diffusion (e.g+, precipitation) should 

carefdUy be. cansidered.. 

An electrochemic,al testing methodolsy for evaluating miniaturized rdioncbive specimenis 

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

nerrtron or IIII was evaluated by the SL-EPR technique. The following conclusions can be 
made: 

1. SE-EPR testing of miniaturized specimens can provide reliable data that are camparable 

to data obttned vdkn standard (lxger) specimens. 

Sigraikane chmges i n  ekcmchemical pmpe~~es ,  snch as i n m a s d  mrzetivation cumenat 

and Flade potentid, were detected for PCA and type 3’16 stainless steels irradiated at 

2tK4 to 420°@ up zs 7 to 9 dpa in ETF/MOTA and O R R - ~ O J f l J .  

Irradiation at 50°C to 7 dpa in OKR-MFE6.11J7J did not affect the electrochemical 

properties of PIA. 

2 

3 .  



4. 

5 .  

6. 

7. 

8 .  

9. 

1Q. 

1 1 .  

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

indicates ~ a i ~ - ~ u ~ d a ~ ~  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. 

X-ray microanalysis indicated significant RIS at grain boundaries in both the 

PCA irradiated at 428°C to 9 dpa in FEFLMOTA. Grain boundaries were 

depleted in chromium, iron, and moly~den~m,  while they were enriched in silicon an 

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

an - 10-nm-wide region at grain boundaries. This chromium depletion can tx 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. 

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 I)CA 
and 20% @W type 316 stainless steels irradiated at 200 to 420OC. The attack became 

more severe with increasing irradiation temperature. 

X-ray microanalysis indicated that RfS resulted in chromium depletion from dislocation 

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

dpa in FFTFMOTA. This local chromium depletion may be a cause for 

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

testing. y' precipitates observed in the material mdy also contribute to the film instability. 

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

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

Due to the occurrence of the gain face attack during SL-EPR testing, the reactivation 

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

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

'The results of SI,-EBR test and X-ray microanalysis for h e a v y - i o n - ~ ~ a ~ i a ~ ~ d  material 

were. quite similar to those of neutron-irradkted materials. At the t e ~ p e r a t ~ ~ e  range in 

I1 may be a useful method for sirnulating radiation-induced sensitization by 

neutron irradiation. 

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 IGSC suscentibilitv of the materials. 

undary etching of both the SA and 25% CW PCA irradiated above 4 

iation-induced sensitization under the irradiation conditions investigdted. 
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Specimens from th irradiation experiments showed similar reactivation curves. Although 
the Flade potentid was higher for ttae specimen from F'FTF, the degree of sensitization can be 

similar €or both irradiation conditions. A definitive answer for the effect of 

each irradiation parameter is not yet possible from this comparison, However, since the 

difference in dose rate may compensate for the difference in temperature2223 and RIS appears 

to saturate at displacement damage levels between 5 to IO dpa (ref. IS), this comparison may 

reflect the difference in He/dpa ratio. Therefore, the similar reactivation behavior after both 

irradiation conditions suggests that He/dpa ratio does not strongly affect the radiation-induced 

sensitization of this material. 

In the case of temperatures in normal service condition for water-cooled 

components, such as an , are designed to be in the range of 50 to 20Q°C (ref. 26). The 

degree of radiation-induced sensitization is expected to be less because of the decreased 

mobility and the increased number of recombinations of vacancies and interstitids at the lower 

temperatures of ITER. Furthermore, the higher dose rate in ITER relative to LWRs m y  also 

increase recombination,22~23 thereby leading to a further decrease in IUS at the lower 

temperatures. In the spectrally tailored experiment in ORR, the 25% CW PCA was irradiated 

to 7 dpa at 60 and 20O0C, the design temperature range for ITER. Irradiation at 6Q"C did not 

increase the Pa value nor cause grain-boundary etching of the specimen surface during 

SL-EPR testing. After imdiation at 2 T,  the Pa value of the material increased by more 

than an order of magnitude as compared to the unhadiated condition (Fig. 319, but gain- 

boundary etching, an indicator of increasing ZGSCC 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 €US has 

been reported to saturate at this level of displacement damage.15 these results suggest that 

IGSCC associated with chromium depletion may not QCCUT for this material in the normal 

operating environment of ITER. 

4.3. GRAIN FACE ATTACK IATED STAINLESS STEELS 

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

irradiated by neutrons at 2 "C and above and heavy ions at 5 15°C (Figs. I 
36). Since only g a i n  boundaries are etched while grain faces remain intact for thermally 

sensitized materials (Fig. 409, the grain face attack can be considered a result of radiation 

effects, e.g. microstructural changes. Chemical changes in the SE-EPR solution due to 
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