- vae s e

Fp———1 Tl L

ll ironmentally ASSIS ted
Cracking 1n
| ioht Water Reactors




e T T & W 4 " ——r— e et S ——

AVAILABILITY NOTICE
Avaiiabiity of Rgtererioe Matenay Cned in NBC Bubioptions

Mot doouments cited in NAC pubilic tions wil be avalabe brom one of the folowing Saurces
\ The NAC Public Document Room. 2120 | Street. NW. . Lowe’ Leve Wasnington. DC 20864

Z The Superintendent of Documents U § Government Printing Office. P O Box 37082, Washington
DC 20013-7082

3 The Netonal Technical information Service Springtield VA 22181

Although the listing that foliows represents the majbrity of documents cled in NRC publcations, It 18 noet
intended to be exhaustive

Refererced documents availabie 1or inspection ang copying ‘or & 1es fram the NAC Public Docurment Room
ihciude NRC porrespondence and in'ormal NRC memaranga NAS bulleting Cirguiars . infarmation notices
INEPRCHN AN INVeRLIGAlon NotCes . Igensee event reports vendor repors and cortespondence Commis
sion pape s and applicant and licensee documents and correspondents

The folowing documents in the NUREG series are avallable 1or purchase trom the GPO Sales Frogram
formal NRC statt and conttactor reports, WAC . spencored conference proveedings . international pgreement
reports. grant publications and NRC booklets and brochures  Also avelable are reguiatory guides NRC
Feguiations in the Code of Feders! Regulstions, ang Nuclear Reguistory Commission I8suanoss

Cocuments available trom the Natonal Technrical information Service nciuge NUREG series reparts and
technical reports prepared by other Federal agencies and reports prepared by the Atomic € net gy Commis.
sion. forerunner agency 10 the Nucisar Regulatory Commigsion

Documents avallabie from public and special technical libraries incluge all epen fterature Hems, such as
books, jurnal articies. and transactions Feders! Register notives. Federal and State legisiatian, and pon-
Qressional reports can usually be obtained from these b aries

Documents such as theses. dissertations foreign repcrts and transiations and non NRC conference pro-
ceedings are available for purchase from the orgarization Sponsoring the publiication ciled

Single copies of NRT aralt reports are avaiable free 10 the extent of SuGply . Gpon writlen request 1o th
Otfice of Administration. Distribution and Mal Services Seotien, U .S Nuclear Regulatcry Commission
Washington, DT 20556

Copies of industry codes and standards used in & substantive manner in the NRC regulatary process are
maintained at the NRC Library. 7620 Norfolk Avenue. Bethesda. Marviand for use by the public  Codes and
standards are usually copyrighted and may be purchased from the originating arganization or_ if they are
Amarican National Standards, from the American National Standards Institute. 1430 Broadway New York
NY 10018

DISCLAIMER NOTICE

This repon was prepared as an account of work sponsored Dy an agency of the United States Government
Neither the | Inited States Government nor any agency therad!, or any of their employees, makes any warranty,
expressed or implied, or assumes any legal liability of responsibility for any third (any's use. or the results of
SUCh Use, of any INformalion, ApPETatUS. DIOOUC! O Process AISciosed N INS FEROM, Of represents that is use
by such third party would nat infrings privately owned ngrits.




NUREG/CR-4667, Vol 13
ANI -92/6
RS

e e st s WA e St § 5 M b W S

Environmentally Assisted
Cracking in
Light Water Reactors

Semiannual Report
April-September 1991

——

e ————————————————————————

Manuscript Comple* &: January 1992
Date Published: March 1992

Prepared by
T. F. Kassner, W. E. Ruther, H. M. Chung, P. D. Hicks,
A. G. Hins, J. Y. Park, W. K. Soppet, W. J. Shack

Argonne National Laboratory
9700 South Cass Avenue
Argonne, 11 60439

Prepared for

Division of Engineering

Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washingten, DC 20855

NRC FINs A2212, A2256



T - _— g T L S W PR — e e PrrT——
R P L — A ———— - - P— —
TRIIIN——

s o - e
]

Previous Documents in Series _ i

Envtronmentally Asststed Cracking in Light Water Reactors Annual Report October 1983
Seplember 1984, NUREG/CR-4287, ANL-85-33 (June 1985)

Light-Water-Reactor Safety Materials Engineering Research Programs: Quarterly Progress
Report October —December 1984, NUREG/CR 3998 Vol 11, ANL-84-60 Vol Il (October
1985),

Light-Water-Reactor Safety Materials Engtneertng Researcn Programs: @uarterly Progress
Report January—March 1985, NUREG/CR-4490 Vol 1. ANL-85-75 Vol | (March 1986).

Envronmentally Assisted Cracking n Light Water Reactors Semiannual Report April-—
September 1985, NUREG/CR-4667 Vol |, ANL-86-3] (June 1986).

Environmentally Assisted Cracking (n Light Water Reactors Semiannual Report
October 1985--March 1986, NUREG/CR 4667 Vol. Il ANL-86-37 (September 1987)

Environmentally Assisted Cracking in Light Water Reactors Semiannual Report April—
September 1086, NUREG/CR-4667 Vol 11, ANL-87-37 (September 1987).

Environmentally Assisted Cracking (n Light Water Reactors Semiannual Report
October 1986--March 1987, NUREG/CR-4667 Vol IV, ANL-87-41 (December 1987)

Environmentally Assisted Cracking (n Light Water Reactors Semiannual Report April—
September 1987, NUREG/CR-4667 Vol. V, ANL-86-32 (June 1988

Enut.onmentally Assisted Cracking in Light Water Reactors Semiannual Report October
1987--March 1988 NUREG/CR-4667 Vol, 6, ANL-89/10 (August 1989).

Envtronmentally Assisted Cracking (n Light Waler Reactors Semiannual Report April--
September 1988, NUREG/CR-4667 Vol 7, ANL-89/40 (March 1980).

Enuvtronmentally Asststed Cracking in Light Water Reactors Semiannual Report October
1988-~March 1989, NUREG/CR-4667 Vol. 8, ANL-90/4 (June 1990).

Environmentally As. . i Cracking in Lignt Water Reactors Semiannual Report April-—
September 1969, NUREG/CR-4667 Vol 9, ANL-90/48 (March 1991).

Enuvironmentally Assisted Cracking in Light Water Reactors Semiannual Report October
1989—~March 1990, NUREG/CR-4667 Vol. 10. ANL-91/56 (March 1991).

Environmentally Assisted Cracking in Light Water Reactors Semiannual Report April—
Seplember 1990, NUREG/CR-4667 Vol. 11, ANL-91/9 (May 1991).

Envtronmentally Assisted Cracking in Light Water Reactors Semiannual Report October
1990—March 1991, NUREG/CR-4667 Vol 12. ANL-91/24 {August 1991).




Environmentali ' | {
1 nmentally As ted Cracking in Light Water Heaclors




contents







Figures

~

10,

3 I

12,

13.

11,

15,

Total strain range vs. fatigue life data for AB33 Gr B ' 1 steel at 288°C oo

Total strain range vs. fatigue-life data for A106-Gr B steel al 288°C

Elastic pseudostress vs. fatigue-life data for AS33-Gr B Cl 1 and
Al106-Gr B stecls at 288°C gt il o B

Crack path, fracture surface, and SCC fracture morphelogy of an 1TCT
composite Inconel- 182/A533-Gr B specimen and fatigue precrock of a
convenlional AS33-Gr B specimen after a crack growth experiment in
high-purity oxygenated water at 289°C o o

CORs of AB33-Gr B steel under R = 095 loading in HP oxygenated
willer @l 280°C v Ko

CORs vs, Kmaux for AB33-Gr B, Cr-Ni plated AS33-Gr B, and A106-Gr B
specimens under R = 0.2 loading in HP oxygenated water at 280°C. .

Regime of high and low CGRs for moderately sensitized Type 304 88§
specimen at 289°C as a function of ratlo of chramate and sullate
concentrations in feedwater containing =300 ppb dissclved oxygen .

Stress vs. elongation from SSRT tests in air and in simulated BWR water

13

14

16

.19

at 280°C on CP Type 304 88 BWR neutron-absorber tubes ..

Stress vs. elongation from SSRT tests in air and in simulated BWR water

at 289°C on HP Type 304 §S BWR neutron-absorber tubes.

Yield stress vs. fast neutron fluence (E »1 MeV) for solution annealed

23

nad

CP and HP Type 304 §8 from tensile tests in atr at 2B9°C v mmmn

Ultimate tensile stress ve, fast-neutron fluence (E »1 MeV) for colution-

annealed CP and HP Type 304 S8 from tensile tests fn afr at 289°C .

Total elongation vs, fast-neutron fluence (E »1 MeV) for solution-

annealed CP and HP Type 304 S8 from tensile tests in alr at 280°C o

Stress vs. elongation from SSRT ¢ mulated BWR water at 289°C

on HP and CP Type 304 88 BWR ' . on-absorber tubes ...

Schematic of composite fracture surface morphologies of frradtated

SSRT specimens strained to faflure in simulated BWR water .o

Intergranular fracture surface morphologies of high-fluence specimens

vii

25

25

26

@ T

s 30







Executive Summary







1 Introcduction
















3_Environmentally Assisted Cracking of Ferritic Steels







1esSuUits







intensily factor of 28.7 MPam!/2 over the entire ~6600-h experiment under the different
environmental and loading conditions.

At the end of the test, the spe imens were sectioned for metallographic examination.
An SEM photograph of the [racture surface of the composite specimen (No, 02C-11), the
crack path near the crack-tip region, and the fracture surface of half the specimen at low
magnification are shown in Fig 4(A). Photomicrographs of the entire fatigue precrack and
the crack-tip region of the conventional companion specimen (No. 02C-12) are shown in
Fig. 4(B). The fatigue crack in the latter specimen is filled with corrosion product.

The CGR results in Table 5 at different dissolved-oxygen levels and load ratios fall into
two ranges, ie, =2 10 8 x 107! and =2 to 8 x 10?2 ms*!, High CGRs occurred at an R of
0.95 in water containing 0.3, 6, and 30 ppm dissolved oxygen (Tests 1, 5 and 3,
respectively). Low CGRs were also measured at this R value in water containing =0.3-0 4
and 28 ppm dissolved oxygen (Tests 2, 4, and 9). As mentioned previously, under constant
load (R = 1.0). an iIncrease in dissolved-oxygen concentration from 6 to 30 ppm produced a
relatively small Increase in the CGRs (Tests 6 and 7). A significant decrease In load ratio
from 1.0 to 0.9 {sequentially In Tests 7-10) caused an abrupt transition to the high-CGR
regine at an R of 0.9 in waler contailng =30 ppin dissolved oxygen.

These results, along with those from a previous composite specimen in which unusually
large jumps (n crack length (=1-2 mm) occurred whenever Kiyax was increased (followed
by periods of relatively slow crack growth).?! indicate that triggering events in the
environment and/or in the loading conditions can produce abrupt changes in the CGRs by
two orders of magnitude. For example. increases in dissolved-oxygen concentration and
Kmax and decreases in load ratio can lead to high CGRs. Conversely, a transition from the
high- to low-CGR regime can occur by decreasing the dissalved-oxygen concentration or by
increasing the load ratioc. However, steady-state CGRs can lie in either the high- or low-
CGR regime for any given set of loading or environmental conditions. This is illustrated in
Fig. 5, which summarizes the results in Table § at an R of 095 for composite specimen
02C-11, the composite specimen (02C-1) from & previous experiment.?! and data from
gold-plated and nonplated specimens of the same heat of ferritic steel 20.21

The heavy lines in Fig. 5 represent the predicted dependence of CGR on Kyay for
ferritic steels In 289°C water at an R of 0.95 and a rise-time Tr of 10 s, according to the
fatigue CGR curves for ferritic steels in LWR environments proposed recently by Eason.’
The model predicts a threshold for a transition from a low, nonenvironmentally assisted
CGR to a much higher rate. The threshold Kyax predicted by the model (which includes
high-oxygen environments that may be more aggressive than those used in tests on which
the model is based) is somewhat higher than the present data would indicate. The
persistence of low CGRs above the "threshold” is consistent with a hysteresis observed in
similar tests at lower R values in other investigations. One can “move up” the lower curve
above the threshold without triggering high CGRs, but once high rates are achieved they
persist at lower Kqg.x levels. The interpretation of the present tests In terms of the

*Personal Communication, David Jones, Chairman MPC Task Force on Crack Propagation
Technolegy, to W. J. Shack, Argonne Nationa! Laboratory, August 1991
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the leedwater {to take advantage of the lower specific conductivity of Na* relative 1o that et
H30%), and (2) devising methods to remove chromute from the water by lon exchange 2%

4.1.2 Experimental Methods

A fracture-mechanics COR experiment was performed to determine the ellect of
chromate additions to simulated BWR water (withow' and with low levels of sulfate) an SCC
of our reference heat (No. 30956) of Type 204 8S (composition i given in Table 1) Crack
length was measured by the D7 opototad dear cecnnigue over time fnteivals of
=800-1500 h at each test condifon. Three specimens wese beal treatod o procace a
solution-annealed condition and moderate and high levels of sensitization correspouding to
electrochemical potentiokinetic reactivation (EPR) values of 0, 8 and 30 Cem-¥,
respectively. The specimens were f[atigue-precracked tn HP water containing
200-300 ppb dissolved oxygen at 289°C. CGR tests were conducted in oxygenated water
with different chiromate and sulfate additions under sesveral loading condsons

4.1.3 Results

The water chemistry, loading conditions, and results of the CGR tests are given in
Table 7. Steady-state CGRs were measured over tinte perices of «800-1200 b under each
test condition. Baseline CGRs were determinet under low-frequency ((CO8 Hz) high =
(0.95) loading conditions in Tests | and 2 tn Table 7. 1In Tests 3-8 and 9, either 0. 50, or
200 ppb chromate was added to the oxygenated feedwater and the CORs were measured
In Tests 7. 8. 10. and 11, different concentrations of sulfate (between 6 and 100 ppb) were
added to feedwater contatning 50 ppb chromate to determine thelr combined effect on “he
CGRs of the steel. In Tests 12 and 13, the chromate concentration in the feedwater was
increased to 200 ppb and the sulfate concentrations were 100 and 50 ppb. respectively.

The results in Table 7 reveal that the solution-annealed spectmen {EPR = 0 Cem 9
exhibited very low CGRs (<5 x 10-!2 ms-!) under all water chemistry conditions. Of the
two sensitized specimens (EPR = 8 and 30 C.om~2), the specimen with the lower EFR
value exhibited the highest CGRs under each test condition. This level of sensitizgtion
produced maximum SCC susceptibility in slow-strain-rate-tensile [SSRT) tests at 289°C
oxygenated water without and with 100 ppb sulfate.?’ The results for the sensitized
specimens can be summarized as llows. In oxygenated fe~dwater, 50200 pph chromaie
has a beneficial effect, as indicated by the low CGRs (¢7 x 1011 ms™!) in Tests 3, 5. 6, and
9. In water containing 50 ppb chramate, low levels of sulfate (6 or 15 ppb} did not lead to
high CGRs in Tests 10 and 11. In water containing 50 ppb chromate and 25 or 100 ppb
sulfate (Tests 7 and 8), CGRs of the moderately sensitized specimen (EPR = 8 Cem-?)
increased significantly (to >3 x 10719 ms '), whereas the heavily sensitized specimen
exbibited this rate in water containing 100 ppb sulfate, At a higher chromate concentration
{e.g.. 200 ppb) In oxygenated feedwater containing 100 ppb sulfate (Test 12), the CGRs of
the sensitized specimens were high (»1 x 1019 ms-!)  However, after decreasing the
sulfate concentration to 50 ppb (Test 13), the CGRs of the sensitized specimens decreased
to <2 x 1071 ms!.
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S Irradiation-Assisted Stress Corrosion Cracking of Austenitic SS

5.1 Technicai Progress
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performance of an HP heat of Type 348 8S than of a CP heat of Type 348 88, A.der

analyses of specimens from a CP Type 304 8§ neutron absarber rod revealed significant |
segregation of 8. P, Ni. and an unidentified element or compound that gives rise to an ‘
Auger energy peak at 59 eV 4041 Such segregation was negligible in HP material, except fot

Ni. No evidence of § segregation was observed in efther material.  However, Cr depletion

was more pronounced in the HP material than in the CP material

The results of the AES analyses of trradiation induced grain Loundary segregation of ]
impurity and alloying elements have been correlated with SCC susceptibility information J
from SSRT tests on specimens (rom neutron-ahsovber rod tubes to provide insight inte

I

mechanismis) ol IASCC.

5.1.2 Experimental Methods

Frocedures fur preparation of the slow-stram rote- tensile (SSRT) test specimens and
a description of the hot-cell SSRT apparatus were given in a previous repart 41 The SSRT
specimens (89 mm long) were sectionad frem top-, middle-, and bottom axial posittons of
the neutron-absorber-rod tubes. Maxtmum fluence at the top was determined from known
in reactor flux data, Lower fluences at the other two axial locatiens we ' determined from |
results of 60Co gamima scans on the entire length of the rods, The @lave Ruence of each |
80 mm-long SSRT specimen and the needlelike AES specime  was verined further by
measuring gamma activity of each specimen after the boron varuice neutron avsorber was
removed from the absorber-rod tubes. 4! The fluence levels and chemical Cempositions of
the HP and CP spectmens are given in Table 8 Documents on the ~hemival composition of
the as-fabricated neutron absorber of the CP grade were not svs _ehle from either the utility
or the reactor-fuel supplier. therefore, the composition of the O heat was determined
after discharge from the reactor following several years of exr , °

SSRT tests were conducted on 12 spectmens of CF and HP neutron-absorber- rad
tubes in air and in simulated BWR water at 266°C t a s .in rate of 1.65 x 10 Tg'lto
determine tensile properties and IASCC susceptibili * as a functic of neutron fluence. The
dissolved-oxygen concentration and conductivity of the simulated BWR waler were
=280 pph and 0.13 pScm-!, respectively, bF*. fract” surface maps of the SSRT
specimens were also ebtained. SEM fractagraphy was conducted at a magnification of
125X, and an entire fracture-surfuce composiie was constructed for each speeimen o
determine the fraction of intergranular, transgranular, and ductile {ailure.

Table 8.  Chemical Compc “ition ¢ .« Fast-Neutron Fluence of Irradiated :
Type 304 S8 BWR Absorber-Rod Cladding

Material Flurnce Specien Compeition (wi %)
Level Codle
162 nem-4 or Kt Mn ¢ L] il &) » & o

Hi-304 B e UITATA 1% 845 183 0018 ONa <@eul  <00) OWh 000 ‘
i 364 58 v VM-DSE  1ASE  a44 132 0017 OM7 0002 G0 0002 O0m -
HP-004 883 02 Vie A4 aame as Vit ATA
CP-a04 Sab 20 HLBWR-2H 1680 K77 165 GOKC  Lb&2 . LAS OO4% BOIF 00

w8 BL-EWR-2M

o B BWH-2L

RITP neutron-absorber TUbes, 4 78-mm-00), U 60 mm-wall: composition measured belore service.
bep neutron-absorber tube, 4 78-mm-00, (.70 -mm-wall; compostiion measured after service
CRepresents maximum value in the specification; actual value not measured.
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§.1.3 Resuits

Test conditions, SSRT data, and SEM analyses of the 12 specimens are summarized in
Table 9. Stress versus elongation curves for the CP and HP specimens are shown in Figs. 8
and 9, respectively. Each figure portrays SSRT data for low-, medium-. and high Nuence
specimens strained (o failure tn simulated BWR water and atr. Because the cross sectional
area of the pull rod s large compared to that of the absorber tube specimen, the internal
pressure in the autoclave produces a high initial stress (240 to 290 MPa) on the specimens
tested in water. However, the relative characteristics of stress corrosion of the HF and CpP
specimens can be deduced from these figures. As fluence increases, the relative reduction
in elongation (namely, the ratio of elongation In water to that In alr} becomes smaller,
indicating a greater degree of SCC. For a comparable fluence level of =0.7 x 102! nem-2
(Figs. 8B and 9B), the total elongation of the HP specimen 'sted in the simulated BWR
water (~2%) was significantly lower than that of the CP spec. L, [«+6.7%)

Table 9. Sluw-Strain-Rate-Tensile@ Test Results on Irradiated CP and HP Tupe 304 S8
in Atr and in HP Water Containing ~280 ppb Dissolued Oxygen at 289°C

Absurber Past- e Losdwaie Choniny
L Hat-Cell Neutron Oxygen Cord pH Follure  Maximum Total
Specimen Identification Fluence. SSKRT Cone, WAC,  WIC Time Hirews, Kong s [N
No No nem=d Na pRb Sem | B Mia - » "
BL-PWR-21 AHGEA R0x ol R4 b b u P 641 145 0 o
B WR -3 U L0x 102t Rz e @i a7 2 418 12 " ™
Hl-BWR-2M AMSEID O6x ! (LR S b b 0 a6 M8 [ 0
Bl BWR-2M SROEZA Oy 1ol (R P 0is 602 140 RUY LR L 0
1L BWK-21. BHOELA o 108! "3 5 b b 260 ol 158 6 o
BL-BWR-21. D oax ! 1 0 CUE) #aa 197 A 62 4a o
VH-ATA-L2 AOEA | F LAk ! IS5 b b b o) T 56 V]
VH-ATA-L] A0BALE Lax 1l IR 4 280 o0 Bk i in o6 P %
VM- DEH- L2 e 07 2! RE h Y b e () W3
VM-DAR-L | e 27x 10 W 2 012 696 " sh2 I & ® M
VI-A40-L2 4063 Gax 1021 IR0 » s & 251 #07 1y
VI-AAC L] A06E2 02x 103 il 150 014 a4 7 L5 46 a7 I

AStrain rate of 1,65 x 1077 ¢!
DPest in air at 289°C and strain rate of 1.65x 1077 ¢},

5.1.3.1 Tensile Properties

Tensile properties of the CP- and HP-grade neutron-absorber tubes, obtained from the
specimens tested in alr, were significantly modifled as neutron fluence increased to
>0.5 x 102! n.em 2. Figures 10 and 11 show the yield strength (YS) and ultimate tensile
strength (UTS) versus fast-neutron fluence (E »>1 MeV) of the CP and HP specimens
strained to faflure in air (from Table 9). The figures contain similar data for CP-grade BWR

plate?® and CP-grade tensile specimens of Types 304 and 304L SS irradiated in the
Advanced Test Reactor (ATR] at 300°C 30

22
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Both YS and UTS data obtained from the presert CP neutron-absorber tube are
consistent with those of the P materials reported by Clarke and Jacobs?® and Jacobs
et 4130 The YS and UTS of the CP materials increase by a factor of =4 and 2, respectively,
as fluence increases from O to 3 x 10?! nem-2. However, for a comparable fluence level,
both the YS and UTS of the HP neutron-absorber tube are significantly higher than those of
the CP materials. Fraciure surfaces of the present CP and HP specimens were examined by
SEM to characterize the morphologies. The ductile-dimple fracture morphologies in the
CP and HP specimens were somewhat different, and tear ridges were observed only in the
CP material. However, based on SEM fractography. it was not clear why the strength of the
HP heat was higher than that of the CP heat. To obtain a better understanding of relative
microstructural characteristics of the two heats, TEM examination is planned. No evidence
of intergranular morphology was observed in the fracture surfaces of the HP and CP
specimens strained to failure in atr.
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the fracture mode was predominantly TG and ductile faflure [Fig. 14(D)]. Typical 1G
fracture morphologies for HP and CP specimens irradiated to the highest fluence levels
(1.4 to 2.0 x 102! nem-?) are shown in Figs. 15 (A) and (B), respectively.

For the three HP and CP SSRT spec.amens tested in simulated BWR water, the percent
1IGSCC determined from SEM fractography was, in general, consistent with the decrease in
total elongation. This is shown in Fig. 16, The total elongation values were corrected
(increased) to ace~unt for the inittal elongation caused by the stress exerted on the
specimens in high-pressure water before the mechanical load was applied (Figs. 8 and 9).
Literature data from SSRT tests on Types 304 and 316 S8 from CP-grade BWR components
are also plotted.  The figure indicates that total elongation Is also a good measure of IGSCC
susceptibility,

Figure 17 shows a relationship between the percent IGSCC and neutron fiuence for our
CP heat of Type 304 8S, along with simtlar data of Clark and Jacobs,?% Jacobs et al.,3¢ and
Kodama et al 32 on CP heats of Types 304 and 316 §S. The materials in the study by Jacobs
et al 30 were irradiated at 300°C in the ATR, whereas the other heats were from BWR-
irradiated components, The SSRT tests in all of the studies were conducted at 288 or
289°C in simulated BWR water containing several dissolved-oxygen concentrations, n- nely,
0.2 8, or 32 ppm Despite the wide range of strain rates and dissolved-oxygen

27
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concentrations In the various tesis, the dependence of 1G fracture morpholegy (percent
IGBCC) on neutron fluence 1s ceasonably co.  stent

A comparison of the percent 108CC versus fast-neutron Nuence (F »1 MeV) for the
present CP and HP heats is shown in Fig. 18, along with simiflar results from SSRT tesis on
CP grade BWR dry tubes reported by Kodama ¢, al ¥4 All of these data were oblained 1 a
strain rate of «2 x 107 ms ' in water containing <200 ppb dissolved axygen. The fgure
Indicates (hat 1G8CC susceptibility of CF material rom ouwr neutron- absorber tube and the
dry tube 1s stmilar st & comparable fluence level, and that the HF material exhibits greater
SCC susceptibility.  Duplicate tests will be performed on spectmens from the HP- grade
absorber tube and the CP-grade control-blade sheath to further confirm the results

§_Summary of Results

6.1 Fatigue of Ferritic Piping and Pressure Vessel Steels

¢ The fatigue fives of a medium-sullur-content AS33-Gr B pressure vessel and A106-Gr
B piping steels were studied in high purity deoxygenated water, in simulated PWR
water, and in alr. Compared to results i1 air, the lives of AS33-Gr B steel in water In
most cases were shorter by a factor of 2. One o8t at a slowes strain rate (by a factor of
100} indicated that strain rate has a minimal effect on fatigue W in deoxygenated

water. No significant effect of the environment was observed It tests on A0S Gr B
steel

6.2 Stress Corrosic  racking of Ferritic Steels

*  Fracture-mechanies CGR tests have been performed on composite specimens of
AB33-Gr B/Inconel-182/Inconel 600 plated with nickel, and on homogeneous
specimens of AB33-Gr B matertal plated witn gold and nickel. The elfects of load
history and dissolved-oxygen content were examined. The CGRs increased markedly
during small-amplitude cyclic loading (R = 0.95).  Under the eyclic loading, crack
growth was observed at Kyuy values that produced no crack growth urder constant
(R = 1} loading. Under R = 0.95 loading. relatively Ligh CGRs (2 x 107 m ) were
observed (n MP . er containing =300 ppb dissolved oxygen. When the specimen is in
the Jow-CGR regime (2 x 10711 ms-1), increasing the dissolved-oxygen conzentration

o 6 ppm or higher infllated & return (o the high CGR regime, at least al an R value of
0.95,

9.3 Etfects of Chromate and Sulfate on SCC of Type 304 §S

¢ Current BWR operating practices have reduced (o very low levels the ingress of lonic
impurities (e g.. sulfate, chloride) into the coolant system.  Soluble corrosion products
vie., chromate and the counterbalancing hydroniumn fon, are now the major lonic

28

e E L  a  a



R R R R RRRRRRRRRRRRRREAENRRRERENARAROE=R. A e e e e e e

Z- WU 20l X 0T W
g0l X G0 (@ 201 X TO Q) O Susunisds 4O PUD 7 WOU 1200 X ¢ 1 D) PUD {1201 X 20 &)
201 X 20 (W) jO Spaa) aduany Of PADIPDAR SUSURIES JH DN HME PADIUSS 8 2mpnf o
PHEDUS Suscioads [ 35 PADIPUAS JO0 SRDOOYAIOW SI0Ms 300004 Ipsoduod [0 MDWADS 3 amiyy

o WaTTEhAaa N o el T g
- o B A

n s = A
a B B |
\ B

;
BB
o'y f

EE L

29

—







.

"

’

L * !

| M
4
-
-
.
. @ ®
L]
Neoeut § ' W Ot ! Meé Vv

e |
N




6.4

species present, Because only a small fraction of the recirculation water in BWRs
passes througn the reactor water cleanup system . the concentration of chromate jons
in the reactor water can be much greater than in the feedwater (e g, ~25-35 ppb
versus <1 ppb, respeciivelyl, The CORs of sensitized Type 304 88 under high R, low
frequency loading are low (<4 x 1077 ms ') provided that the chromate/sulfate
concentration ratio in oxygenated feedwater is »3 Thus, a low chromate concentration
in BWR water (25-35 ppbl may actually have a benefictal effect an SCC, provided that
the sulfate concentration is below a critical level (e, =10 ppb)

Irradiation-Assisted Stress Corrosion Cracking of Type 204 8§

Fatlures of austenitic 88 after accumulation of high fluence have been attributed to
radiation-induced segregation (RIS) of elements such as 81, P, 8§ Ni, and Cr.
Microchemical and microstructural changes in high- and commerclal purity (HP and
CF) Type 304 88 specimens {rom control-blade absorber tubes in two operating BWRs
were studied by Auger electron spectroscopy and SEM.  SSRT tests were conducted on
tubular specimens in air and In stimulated BWR water at 280°C Resulls in air showed
that the yield and ultimate tensile strengths of the HP material were higher than those
of the CP material for a comparable fluence

Stress versus elongation characteristics of the SSRT speclimens were consisteni with
results of SEM analyses of the percent IGSCC on fracture surfaces. 1GSCC susceptibility
of the present CP absorber tubes was simflar (o that of other CP heats of Types 304 and
316 88 reported in the literature. However, the HP absarber tubes exhibited greater
IGSCC susceptibility than did the CP materials

It is difficult to explain the relatively high susceptibility of the HP material on the basis
of 81 or P segregation, because impurity segregation in the HP absorber tubes was
negligible {or all fluence levels. Rather, the high susceptibility seems to be consistent
with the observation that nradiation-induced Cr depletion was more significant in the
HP heat than in the CP heat, indicating that trradiation-induced grain-boundar,
depletion of Cr is the primary process in IASCC, at least in simulated BWK water,
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