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AN EVALUATION OF ELECTROCHEMICAL POTENTIOKINETIC REACTIVATION
TECHNIQUES FOR IN SERVICE MEASUREMENTS ON TYPE 304 STAINLESS STEEL

.

Karen J. Stoner o

ABSTRACT
Electrocherhical poterttiokinetic reactivation (EPFI) tesis can be used to measure
quantltatlvely the sensntlzatron of Type .304 stalnless steel The smgle Ioop (SL) and
) _'.' double Ioop (DL) EPR techmques were eompared as non-destructlve methods for

‘ determmmg sensrtlzatron under both laboratory and snmulated ﬂeld envuronments

~Measurements were perfonned on specrmens heabtreated o produoe Ievels of Coal e

L sensmzatron fnom no sensntlzatlon to heavy sensntlzatuon At temperatures of 22°C and
0°C testmg ‘with standard laboratory and portabte field apparatus both EPR techmques
were capable of dlstungmsh:ng sensutazatron levels at the range spanmng those ‘
. A.':charaotenzed asbelng non‘susoeptlble and susoeptrble fo mtergranular stress corrosion -
cracking (IGSCC). Through correlatlons developed for the test data itis possrble to
translate field results to the standard laboratory test conditions. This was demonstrated

- . for the' Sk teet.'through-rheasuremehts{")ertormed on a pipe specimen containing IGSCC:
INTRODUCTION

" The incidence of IGSCC in piping in the nuclear industry hias prompted the development of a
non-destructive quantitative test for determining sensitization in Type 304 stainless steel.

Sensitization in Type 304 stainless steel is characterized by the precipitation of
chromium-rich carbides (MagCg) which form along grain boundaries when the metal is

heated in the range of 430 to 870°C (1). The formation of these carbides leaves the adjacent

matrix region depleted in chromium. This region, having less that 12 weight percent
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) .'__chremrum has, an unstable passrve fi Im and IS susceptrble to preferentral attack ina - - e

oorroslve enwronment Comblned with a tensnle stress and a corrosnve envuronment the
depleted zone is susceptible to IGSCC (1).
The quantitative determination of the degree of sensitization {DOS) would be beneficial in

examining Type 304 stainless steel in service to distinguish.leveis susceptible and

- non—"strsceptible to IGSCC. The standard practice for detecting sensitization is outlined in -
SR ASTMA 262 85 (2) The standard descnbes ﬁve practlces that are euther destructwe to the . )

SR sample or quahtatwe only The recentty deueloped EPR tests overeome many ef the -

: llmltatlons of the ASTM. standards (3) EPR techmques. SLand DL. detect the exient of the

chromrum depleted reglon by passrvattng the metal and then reactlvat‘ng it threugh a

'decreasmg potential sweep. These tests provnde quantrtatlve non-destructive indication of the -

-DOS.
: EXPERIMENT AL PROCEDURE _
The SL and DL aré routme pmoedures descnbed by w. L Ctarke A M. Romero and J C

Danko (4} and by M. Akashi, et al. (5} respectively and evaluated by A. P. Majldl and M. A.
~ Streicher (3) Both tests are pertormed ina solutlon of0.5M H2804 and 0 01 MKSCN, that .

must be changed penodrcally to avord decomposition (3)

For the SL test, the specimen is passivated by making it anodic, and then reactivatedby
reversing the potential at a constant rate. During this reversal, the current is measured.
Since the tidt"ential is decreased at a controlled rate, it is possible to calculate the total
eleclrical charge, Q, that passes through the exposed sample surface (1). During the
reactivation phase, the passive film dissolves more readily over the chromium depleted
regions; thus, the more depleted regions, the larger the surface current.

Since the attack is basically along the grain boundaries, it is necessary to normalize the
charge with respect to the grain boundary area. This is done through the following equation:

Pa = Q/GBA

where Pa is the DOS in coulombs per cm?, Q is the integrated charge measured from the



.,reacttvatlon sweep, ‘and GBA is the graln boundary area (1) The GBA rs calculated as
GBA As [6.09544 x 10‘3 exp(o 34696 X)]

whaere Ag is the exposed specimen area, and X Is the ASTM grain size at a magnification of

100x (1).

The DL test mvolves polanzmg the sample anodically ata constant rate toa potent;al in the N

' passrve reglon of Type 304 starniess steel and then reversung the scan dlrechon untrl the open

S 'crrcun potentral Ecorr ts reached (6) The surfacecurrent IS measured throughout the test ' ik

E,

la represents the maxtmum current for the anodrc loop and Ir represents the maximum

. .-..current for the reactrvatqen Ioop The value ior the DOS is calculated by

DOS Ir/ la

Tests have d_emonstrated that the maximum anodic current, la, is fairly independent of the

degree of sample sensitization while the Ir is extremely sensitive to the degree of sensitization -

) (6) The more sensrtrzed the sample the greater the breakdown in the passlve ﬁlm the
hlgher the surface current the larger the value of Ir and the greater the DOS.
MATERIAL

 Five: specimens of Type 304 stamless steel from the Savannah Rwer reactor primary -
coolant piping were examined. The specific material was sectroned into specimen blocks (1
1/2" x 3/8" x 1/2"). Four of the blocks were solution quenched in water following an anneal -
at 1000°C for one hour, and specimens 1 through 4 were subsequently held at 600°C for 0,
1, 3, and 6 hours, respeclively. Sgecimen 5 was heated at 600°C for 16 hours to produce a
heavily sensitized microstructure with no prior solution anneal (7).

Te prepare the specimens for tesling, a flat-head No. 8 screw was silver-soldered to the
back face of the specimen for the purpose of electrical contact. The specimens were then
individually mounted in cold set plastic resin. Grain size measurements were made using
ASTM procedure E112 (8). The Three-Circle (Abrams) Method, circular intercept
procedure, was applied to each sample.

In addition, a specimen of Type 304 stainless steel pipe, that had been in service, was
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e Sensr-Test 4 uhit deslgned o perform S'- tests in the ) SL and o measurements were

. examrned The sectron studred came from a 16 rnch drameter elbow and was a curved sectron
:wrth a welded carbon steel attachment brace The specrmen grarn srze was also detennrned
through the Abrams method (8). |
EQUIPMENT AND TECHNIQUE
For both the SL and DL EPR.measur_ements. a Princeton Applied Research ( PAR)
. PotenttostatIGalvancstat model 273 was used.- The system was contrclled by a PAR mode) 351. - SR mta

Fcr equrpment ccmparrson measurements werealso performed on an Instru SpecWG—S j, - -

made in a standard 1 L glass corrosiorn cetl (9) Srmutated ﬁeld measurements were made in -

r‘%

“an lnstru-Spec Model 750 Nondestructrve Prcbe a7l 6 cm tatl and 2 5 crn drameter
cylindrical cell. | — ’

For the PAR SL and DL tests in the laboratory cell, the tests were performed at 22°C a

- ,.;,,‘_:,-‘.-.., -

srmulated ﬁeld temperature. and at 30°C the standard Iaboratory temperature The ﬁeld celi . ' . t
" tests were perfermed at 22°C Due o thie strong dependence of the SL test on surface fi nish a. R .-_ :.',..; K &I% "
fresh 1 um diamond paste finish was used for alt of the tests (1). DL tests have been reported
_to be Iess sensrttve tc surface due to the rnrtrat anodlc sweep (6) In thrs study, DL tests

were pertormed on 180 grrt 600 gnt and 1um dlamond paste fresh surface fi nrshes To “
control the area tested each sample was masked with a piece of electroplating tape.

The SL test began with a surface cleaning of -600 mV versus a standard catomel electrode
(SCE) for 12 seconds. Ecorr was measured. Th‘e potential was then held at +200 mV for two
minutes and subsequently was scanned in a negative direction at 6 V/hr until the Ecorr was
reached. The value of Q was calculated. Afier all test (SL and DL), a photomicrograph of the
test area was taken. Figure 1 shows a plot of a SL test with the PAR unit in the lab cell,
SL-PAR-LAB.

The DL test began with the measurement of Ecorr. An anodic potential scan was then
initiated at 6 V/hr with a vertex potential of +300 mV versus SCE.  Values for Ir and la
were recorded. Figure 2 shows a plot of a DL test with the PAR unit in a lab cell,

DL-PAR-LAB. - S 2



SL tests were performed on the actuat specumen ‘of ptpe wuh the WC 5 umt ll'l afi t‘etd cell
:at 22°C A square lnch of the ptpe was polrshed to 1 y.m dtamond polish w:th a portable |
pohsher. The field cell was mounted to the pipe by;etcr:straps Replicas of the test area
were taken after some tests using repllcat;ng tape and acetone. The replicas were sputtered
with platinum and examined on the metallograph

- "RESULTSANDDISCUSSDN

Table 1 and 2 show the SL and DL, data coltected tor the five Spec;mens redueed through

T -statlstical analys:s methods. The data was grouped by a speciﬁc EPH oondntron with a spectﬁc AN

g sample typtcally two qr three mdlvtduat tnals A sample mean and conﬁdence mterval for ‘
. the sample mean (assurned t-dlstrtbutlon) Was deterrmned to provude the Ievel of
sensitization with a cont‘dence interval of 90% tor the specimen mean sensitization level
(10).

The EPR measurements oontam an mherent vanabilrty in the individual test results due to.

non-identrcal specnmen ODﬂdlllOnS wnh each successwe tnal These condmons mclude a new -:

grain orientation, and the specific masked region following the specimen repolish and

= _preparatlon tor testmg At Iow sensmzatlon |evels both the SL and DL methods have Iarge
| unoertamtles as measured by the sample standard dewatton dwided by the sample mean. The
large uncertainties occur at values that are very close to zero, where small absolute changes
in sensitization level yield large percent changes of the average sensitization.

Both the SL and DL tests are based on passive film reactions, and thus it is apparent that
temp_erature, sample geometry and surface finish impagct the test results. While correlations
can be made through Table 1 and 2 for the results at two specific temperatures, changes in
temperature affect a sample differently based on its DOS (1). Sample geometry is critical in
DL tests due to the anodic scan which leaves corrosion product as it cleans off the surface
affecting the reactivation area (11}. This is apparent by comparing lab and field cell DL
tests. Three surface finishes were investigated for the DL test. Tests run at 30°C with 1 pm
and 600 grit finishes indicate similar vaiues. However, initial tests (not reported in Table

2) run at 22°C with 1 pm and't 80 grit finishes with the field cell, show dissimilar values
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L “levets ot sensrtrzatron

o standards

- ,-"that mdrcate that the DL test may not be totally msensrtrve to surfaee ﬁnrsh overa ranee of :'.'_ | :'_ x y

temperatures | " | o | | - o
The SL and DL tests are compared in Figure 3 with each test being pertormed at30°Cina

1aboratory cell with a surface finish of 1 um diamond. The tests eorrelate with a straight fine

over a majority of the data. The non-sensitized specimen 1 does not fit into the correlation.

. At sueh'.low-valu'es-df sertsitization' it'is appare'rtt that ﬂte-bL‘test does not aceeurtt 'fr.r-the ' * , r“e B

dnfference lh reactlng area dunng the teSt The dlfferenee in area affects the ratlo at Iow

e L - T R AT SR

F'gure 4 shows a oorrelatron for the SL test on the PAFt unit at 30°C in a |aboratory eell . ) o
) wdh a surface fimsh of 1 um dlamond toa SL test on the WG-5 unit at 22°c tn a ﬁeld oell R f
with a similar surface finish. Whrle the two maohines can be compared, they have drfferent - ;
resolutions. The WC-5 uriit_measures to 10 pA while the PAR urit can measure to 0.01 pA f

_(1) The dlfterenee in reso!utlon is apparent when very low levels ot sensmzatlon are
' meast.rred since the current measured is very smalt Thrs corretatron a!lows for t“e!d '

‘measurements to be adjusted to values that wouid have been achieved with laboratory . -

When the~measurements are adjusted to Iaboratory standards proposed Ilrrms that
determine sensitization and susceptibility can be applied. To interpret SL results in terms of
IGSCC susceptibility, Clarke has proposed that 5 C/cm2(as measured with the SL test at 30°—C
on a pipe inner diameter , 3 G/cm? for the outer diameter) is the maximum DOS acceptable
betere a sample is sufficiently sensitized to be susceptible to IGSCC (12).
The actual pipe section (Flgure 5) was tested with the portable WC-5. Figure 6 shows the
averages of the SL tests performed. The data clearly shows that the pipe has a localized region .
of sensitization in the vicinity of the brace, and that the bulk of the material is not sensitized. |
This region suggests that the pipe received some form of localized heating after it was formed
and annealed. This speculation is reinforced by the results along the elbow seam weld that _ .

indicate almost 0 C/cm? in all the regions tested except for the localized zone. Itis possible

that the heating was perforrned as a flame washing technique in order to fit up the pipe or the B



PR _'attachmeht brace. The measurements presented from the WC-S can be correlated to fo ' :

'Iaboratory standards through the applrcatron of data presented In Frgure 4
After all tests, rncludmg those on the pipe specimen, photomicrographs were taken. No
additional preparation (etching) was performed. Grain boundary attack due to the carbide

precipitation in the sample is evident in the photomicrographs. Figure 7 to 9 illustrate the

.'-.postaEPR SL condmons for sarnples 1, 4 and 5 Sample 1 wrth no SQﬂSJtlZﬂthﬂ. shows no e
e "prer;rprtatlon whrle sample 5 w;th hngh sensmzatlon shows a Iarge degree of precrprtatnon
o 'The prpe repltca F'gure 10 was taken ot the sensitized prpe edge, post-SL test and clearly

- ,shows sensmzatron The rephca techmque can be used on sensrttzed prpes atter an EPFt test to .

get an mdtcatron ot gram size: Figures 7l and 12 show post-DL oondttrons rﬁustratrng

e

un -

drtchtng on the severety sensrtrzed sample 5. The difference in post-EPFt test appearanoe
between the SL and DL is aftributed to the initial anodic "cleaning” scan of the DL fest.
. N . .
" fhe'SL and DL'EPR tests are capable of detecting and quantifying sensitization in Type 304

stainless steel. Both EPR techniques are capable of distinguishing sensitization levels at the

L _range spannmg those charactenzed as berng non-susceptrble and susoeptrble to IGSCC Both :

tests tnvolve passwe flm reactrons and are therefore rmpacted by temperature, electrolyte.
sweep rate, and specimen or grain size. The SL and DL methods were compared at different |
test conditions including simulated field conditions. _Correlatio_ns can be made from a variety—
of test conditions to a laboratory standard for both the SL and DL tests therebtr_allo;ving f_or the
application of proposed limits that determine sensitization and susceptibility to IGSCC (12).

The DL technique for the field requires more development as the effect of surface finish at
various temperatures needs to be examined. along with the effect of sample size. Finally,
photomicrographs of the post-test condition give a clear indication of the sample sensitization

level and an indication of grain size. For the St and the DL techniques, post-test

metallography has proven to be valtuable for confirmation of EPR results.
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T_ABLE.__1__. o E,_oop DATA
_ca ggl_._AIED AVERAGES AND uNg RTAINTY |
1 oms + 006 :_:0.01.5 £ 0032 0025 0032 00 £ 00
2 42 4 08 079 ¥ 091 ' 086 : 047 07 kU0dE |
3 42 + 02 193 + 032 18 £ 114 133 + 086 | |
a8 K 3o s s si s+ 42 47 1a
5 120 + 39 78 + 00 83 + 15 50 £ 21
NOTE: PAR = PAR Potentiostat ) LAB = Lab Cell
"INST = WC-5 Unit - FC = Field Cell
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NOTE:

DOUBLE LOOP DATA .

QALQULATED AVERAQ 5 AND uNQERTAINTY
e i :

o \ /""":;'- JM&'E’?V %-‘“@g}«

218 + 38 E4 790 # g.gs E-5
1.’5027 d;':o-.}.b:';é-‘s' H ‘7.95; '4.'10-”5'-:.4.-
122 + 013 E2 729 + 555 E3
532 :I: o.o;.l-s-zv_ -- ;!.68 x 1..96. E-2
168 + 0.04 E-1 0.119 + 0.035

PAR = PAR Potentiostat

2.03 + 8.86 E-4

219 + 0.09 E-3

152 + 0.91 E-2
7.44 + 1.80 E-2

0.168 + 0.009

211 + 278 E-4
102 + 31 E4

9.04 + 057 E-I

420 + 076 E-2
0.126 + 0.019

LAB = Lab Cell
FC = Field Cell
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POTENTIOKINETIC REACTIVATION

Figure 1: SL-PAR-LAB, a Single Loop EPR Test on the
PAR Potentiostat in the PAR Corrosion Cell at 30°C
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Figure 2: DL-PAR-LAB, A Double Loop Test on a PAR Potentiostat
in @ PAR Corrosion Cell at 22°C



FIGURE3: . STANDARD DL to STANDARD SL Correlafion
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FIGURE 4;

SL-INST-FC at 22°C to SL STANDARD Correlation
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Figure 5: Instr-Spec, Model 750, Portable Field Cell in Use
on the Pipe Specimen
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SENSI-TEST - FIELD CELL - 22°C
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Figure 7: (Left) Specimen1 After a SL Test on the PAR Potentiostat
. with the Field Cell at 22°C

Figure 8: (Right) Specimen 4 After a SL Test on the PAR Potentiostat
L with the Field Cell at 22°C

Figure 9: (Left) Specimen 5 After a SL Test on the PAR Potentiostat
with the Field Cell at 22°C

Figure 10: (Right) The Pipe Specimen After a SL Test on the WC-5
with the Field Cell at 22°C



Figure 11; (Left) Specimen.1 After a DL Test on the PAR Potentaostat
.'in the Lab Cell at 30°C

Figure 12; (nght) Specnmen 5 After a DL Test on the PAR Potentiostat
in the Lab Cell at 30°C



