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Environmentally Assisted Cracking in Light Water Reactors

O. K. Chopra, H. M. Chung, T. Karlsen, T. F. Kassner, W. F. Michaud,

W. E. Ruther, J. E. Sanecki, W. J. Shack, and W. K. Soppet

Abstract

This report summarizes work performed by Argonne National Laboratory on fatigue and

environmentally assisted cracking (EAC) in light water reactors (LWRs) during the six

months from April 1993 to September 1993. EAC and fatigue of piping, pressure vessels,

and core components in LWRs are important concerns as extended reactor lifetimes are

envisaged. Topics that have been investigated include (a) fatigue of low-alloy steel used in

piping, steam generators, and reactor pressure vessels, (b) EAC of cast stainless steels
(SSs), and (c) radiation-induced segregation and irradiation-assisted stress corrosion

cracking of Type 304 SS after accumulation of relatively high fluence. Fatigue tests were

conducted on medium-sulfur-content A106-Gr B piping and A533-Gr B pressure vessel

steels in simulated PWR water and in air. Additional crack growth data were obtained on

fracture-mechanics specimens of cast austenitic SSs in the as-received and thermally aged

conditions in simulated boiling-water reactor (BWR) water at 289°C. The data were

compared with predictions based on crack growth correl:ltions for wrought austenitic SS in

oxygenated water developed at ANL and rates in air fr_,m Section XI of the ASME Code.

Microchemical and microstructural changes in high- and commercial-purity Type 304 SS

specimens from control-blade absorber tubes and a control-blade sheath from operating

BWRs were studied by Auger electron spectroscopy and scanning electron microscopy.
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Executive Summaw

Fatigue o[ Ferritic Piping and Pressure Vessel Steels

Plain carbon steels are used extensively in PWR and BWR nuclear steam supply systems

as piping and pressure vessel materials. The steels of interest for these applications

Include A106-Gr B and A333-Gr 6 for seamless pipe and A302-Gr B, A508-2, and A533-Gr

B plate for pressure vessels. Fatigue tests have been conducted on A106-Gr B carbon steel

and A533-Gr B low-alloy steel to evaluate the effects of oxygenated water on fatigue life of
these steels. For both steels, environmental effects are modest In PWR water at all strain

rates. The data confirm the strong dependence of fatigue life on dissolved oxygen (DO)

concentration in water and strain rate. The effect of strain rate on fatigue life saturates at

some low value, e.g., between 0.0004 and 0.O01%/s in water containing =0.8 ppm DO. The

data suggest that the saturation value of strain rate may vary with DO and sulfur content of

the steel. Although the cyclic stress-strain and cyclic-hardening behavior of carbon and

low-alloy steels ls distinctly different, the degradation of fatigue life of these two steels with

comparable sulfur levels is similar. The carbon steel exhibits pronounced dynamic strain

aging, whereas strain-aging effects are modest tn the low-alloy steel. Environmental effects

on nucleation of fatigue cracks have also been investigated. The results suggest that the

high-temperature oxygenated water has little or no effect on crack nucleation.

Environmentally Assisted Cracking of Cast Stainless Steels

Crack growth rate (CGR) tests have been conducted on fracture-mechanics specimens

of CF-8M grade of cast stainless steel (SS) tn as-received and thermally aged conditions in

air at 289°C to provide baseline information for comparison with results for wrought SSs in

air in Section XI of the ASME Code and in oxygenated water. The results indicated that

long-term thermal aging had no effect on CGRs of CF-8M SS in air. The experimental data

were consistent with predictions from the ASME Code at rates of > 5 x l0 -10 m.s -1, but

were below Code predictions by one order of magnitude at lower rates.

Additional crack growth tests have been conducted on fracture-mechanics specimens

of CF-8, and CF-8M grades of cast SS In as-received and thermally aged conditions to

characterize material, loading, and environmental conditions that can produce

susceptibility to environmentally assisted cracking tn these steels. The CGRs of thermally

aged CF-8M specimens showed greater environmental enhancement than did as-received

and thermally aged CF-8 specimens with virtually the same carbon and ferrite contents in

high-purity (HP) oxygenated water at load ratios between 0.3 and 0.95. Dependence of the

CGRs of thermally aged CF-8 SS on DO concentration (0.002-8 ppm) and electrochemical

potential of Type 304 SS (-565 to 250 mVSHE) tn HP water was determined at a load ratio

of 0.95, a rise time of 12 s, and Kmax of 35-38 MPa.ml/2. The CGRs Increase rapidly with

DO concentration over a relatively narrow range (=0.05-0.2 ppm) and become virtually

independent of DO at >0.2 ppm. The CGRs at high DO concentrations Indicate that the air

curve Is frequently nonconservative, but the data are bounded by modified correlations for

wrought SSs in water at 289°C.

Metallographic evaluation of the specimens after the experiments indicated that the

mode of cracking in CF-8M specimens in air was transgranular and that the crack path In

all specimens in water favored the ferrite/austenite phase boundaries in the materials.
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Irradiation-Assisted Stress Corrosion Cracking of Type 304 SS

Although significant grain-bounda_ Cr depletion can play an imporiant role in IASCC of

thermally sensitized and irradiated components, we suspect that another primary process

that involves trace Impurity elements, which are noi sp_'-;lied in the ASTM specifications,

may contribute to IASCC of solution-annealed materials. These elements arc typically

associated with Iron- and steel-making processes and with fabrication of the actual

components, i.e., elements associated with flux compounds, cutting agents, recycled scrap,

and strengthening materials. Results of grain-boundary chemical analysis by Auger electron

spectroscopy of specimens obtained from Type 304 SS components irradiated in operating

BWRs were examined to determine the role of trace elements. Surprisingly, the

susceptibility of specimens obtained from irradiated BWR components to intergranular

cracking correlates well with the grain-boundary concentrations of F and V. Fluorine

apparently eriginates from welding electrodes or fluorspar, a compound frequently used as

flux material by many producers of iron and steels (or from recycling of F-containing steel

scrap), whereas V originates from ferrovanadium, a strengthening compound used

extensively by most steel makers. Fluorine seems to be trapped by certain types of

precipitates, indicating an important role of precipitation in austenitic SSs.

Sixteen SSRT and four CT specimens 6t" austenitic SS alloys were shipped to ANL after
irradiation to a fluence of =0.43 x 1021 n.cm-2 (E > 1 MeV) in the Halden HBWR. A J--R test

facility is being assembled to measure the fracture toughness of the miniature CT

specimens. Specimens are loaded by an MTS hydraulic system that operates under strain

control, and crack length will be monitored by the reversing DC potential-drop method.

The facility has been designed for conversion to a crack-growth-testing system in high-

temperature water.
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1 Introduction

Fatigue and environmentally assisted cracking (EAC) of pi_ing, pressure vessels, and

core components in light water reactors (LWRs) are important concerns as extended

reactor lifetimes are envisaged. Tile degradation processes in U.S, reactors include fatigue

of austenitic stainless steel (SS) in emergency core cooling systems" and pressurizer surge

line** piping in pressurized water reactors (PWRs), intergranular stress corrosion cracking

(IGSCC) of austenitic SS piping in boiling water reactors (BWRs), and propagation of" fatigue

or stress corrosion cracks (which initiate in sensitized SS cladding) into low-alloy ferritic

steels in BWR pressure vessels.'*" Similar cracking has also occurred in upper-shell-to-

transition-cone girth welds in PWR steam generator vessels, + and cracks have been found

in steam generator feedwater distribution piping. ++ Occurrences of mechanical-vibration-

and thermal-fluctuation-induced fatigue failures in LWR plants in Japan have also been

documented. 1 Another concern is failure of reactor-core internal components after

accumulation of relatively high fluence. +++ The general pattern of the observed failures

indicates that as nuclear plants age and the neutron fluence increases, many apparently
nonsensitized austenitic materials become susceptible to intergranular failure by a

degradation process commonly known as irradiation--assisted stress corrosion cracking

(IASCC). Some of these failures have been reported for components subjected to relatively

low or negligible stress levels, e.g., control-blade sheaths and handles and instrument dry

tubes of BWRs. Although most failed components can be replaced, some safety-significant

structural components, such as the BWR top guide, shroud, and core plate, would be very

difficult or impractical to replace. Research during the past six months has focused on

(a) fatigue of ferritic steels used in piping, steam generators, and pressure vessels; (b) EAC

of cast austenitic SSs; and (c) IASCC in high- and commercial-purity (HP and CP) Type 304

SS specimens from control-blade absorber tubes and a control-blade sheath used in

operating BWRs.

2 Fatigue of Ferritic Steels

Plain carbon and low-alloy steels are used extensively in PWR and BWR steam supply

systems as piping and pressure vessel materials. The steels of interest in these applications

include A106-Gr B and A333-Gr 6 for seamless pipe and A302-Gr B, A508-2, and A533-

Gr B plate for pressure vessels. The ASME Boiler and Pressure Vessel Code Section III, 2

Subsection NB, contains rules for the construction of nuclear power plant Class 1

components. It recognizes fatigue as a possible mode of failure in pressure vessel steels and

piping materials, Figure 1-90 of Appendix I to Section III specifies the fatigue design curves

for the applicable structural materials. However, Section III, Subsection NB-3121 of the

USNRC Information Notice No. 88-08, "Thermal Stresses in Piping Connected to Reactor Coolant Systems,"
June 22, 1988; Supplement l, June 24, 1988; Supplement 2, August 4, 1988; Supplement 3. April l I, 1989.
USNRC Information Notice No. 88--I l, "Pressurizer Surge Line Thermal Stratification," December 20, 1988.
USNRC Information Notice No. 90-29, "Cracking of Cladding in Its Heat-Affected Zone in the Base Met_ of a
Reactor Vessel Head," April 30, 1990.

+ USNRC Information Notice No. 90-04, "Cracking of the Upper Shell-to-Transition Cone Girth Welds in
Steam Generators." JaJ_uary, 26, 1990.

++ USNRC Information Notice No. 91-19, "Steam Generator Feedwater Distribution Pipi_g Damage." March 12,
1991.

+++ USNRC Information Notice No. 93-79, "Core Shroud Cracking at Beltline Region Welds in Boiling-Water
Reactors," September 1993.



Code states that environmental effects on fatigue resistance of the material are not expllclfly

addressed in these design fatigue curves. Therefore, there is some uncertainty relat!ng to
the effects of environment on fatigue resistance of materials for all operating PWR and BWR

plants whose primary coolant pressure boundary components are constructed to Section Ill
of the Code.

The current Code design curves are based primarily on strain-controlled fatigue tests

of small polished specimens in air at room temperature. 3 To obtain the Code fatigue design

curves, best-fit curves to the experimental data were decreased by a factor of 2 on stress or

a factor of 20 on cycles, whichever was more conservative at each point. The factors were

intended to account for uncertainties in translating the experimental data of laboratory test

specimens to actual reactor components. The factor of 20 on cycles is the product of three
subfactors: 2.0 for scatter of data . {minimum to mean), 2.5 for size effects, and 4.0 for

surface finish, atmosphere, etc. 4 "Atmosphere" was intended to reflect the effects of an
industrial environment rather than the controlled environment of a laboratory. The effects

of the coolant environment are not explicitly addressed in the Code design curves.

Recent fatigue strain vs. life (S-N) data from the U.S. 5-14 and Japan 15-I'_ illustrate

potentially significant effects of LWR environments on the fatigue resistance of carbon and

low-_Ioy steels. In some cases, failures were observed below the ASME Code fatigue design

curve. These results raise the issue of whether the fatigue design curves in Section Ill are

appropriate for the purposes intended and whether they adequately account for environ-

mental effects on fatigue behavior. The factors of 2 and 20 applied to the mean-data curve

may not be as conservative as originally intended.

The primary sources of U.S. data on fatigue of ferritic steel in LWR environments are

the data obtained by General Electric Co. (GE) in a test loop at the Dresden. I reactor, 516

tests performed by GE/Electric Power Research Institute (EPRI), 7,8, the wor_ of Terrell,_ at

Mechanical Engineering Associates (MEA), 9-II and the present wOrk at Argonnei_ational

Laboratory (ANL}. 12-14 Nearly all these data are on carbon steels. The data from Japan have

been compiled in the data base JNUFAD* for "Fatigue Strength of Nuclear Plant

Components." The results for A508-CI 3 low-alloy steel and A333-Gr, 6 carbon steel have

been published by Higuchi and lids 15 and lids et al. 16 and for forged A508-CI 3 and rolled

A533-Gr B low-alloy steels by Nagata et al. 17 ,

Several key variables that influence fatigue S--N behavior of carbon and low-alloy steels

can be identified from the available data, The, existing data may be divided into three

groups on the basis of environment; air, and water having either modest or significant

effects on life. In air, only steel type and temperature influence fatigue S--N behavior,

although the effect ts relatively small. The fatigt_e lives of carbon steels are --30% lower

than those of low-alloy steels. For both steels, an increase in temperature from room

temperature (RT} to 300°C decreases life by a factor of---2 and strain rate has little or no

effect on low-cycle fatigue (LCF), i.e., at high strain_ranges. Strain rates may be important

for high-cycle fatigue (HCF), i.e., at low strain ranges, because of dynamic strain aging.

* Private communication from M. Higuchi, Ishlkawajima-Harima Heavy Industries Co,, Japan, to M. Prager of
the Pressure Vessel Research Council (PVRC), 1992. The old database "FADAL"has been revised and renamed
"JNUFAD."
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However, the existing data are inadequate to establish the effect of strain rate on HCF; S-N

data at low strain range and low strain rate are very limited.

The data indicate that environmental efl'ect on fatigue life can b:-_ significant when all of

the following variables exceed a threshold value: (a)sulfur content of the steel is

>0.003 wt.%, (b) temperature is >_.150°C, (c) concentration of dissolved ox3rgen [DO) in the

water is >0.05 ppm, and (d) loading rate during the tensile-going loading cycle is <1%/s.

The actual threshold values for a specific variable may vary with material and environmental

conditions. For example, a sulfur content of >0.010% may be needed for environmental

effects at 0.1 ppm DO, whereas a sulfur content of =0.005% may be sufficient at 1 ppm DO.

= The results also indicate that environmental effects for carbon and low-alloy steels are the

same tbr comparable sultur levels. 14

Fatigue data that satisfy all of the above threshold conditions belong to the third group,

namely, water having a significant effect on life. When any one of the four threshold

conditions is not satisfied, e.g., at very low DO levels characteristic of PWRs or BWRs with

hydrogen-water chemistry or at temperatures <150°C, environmental effects on fatigue life
are modest.

Fatigue life decreases rapidly as DO increases over a narrow range of =0.05-0.5 ppm,

but further increases above 0.5ppm cause only a modest decrease tn life. 15,16 In

oxygenated water, fatigue life depends strongly on temperature and strain rate. At a given

strain rate, fatigue life increases by a factor of 5 or more as temperature decreases from

290 to 200°C. For the same environment and the same strain range, lives can vary by a

factor of =50, depending on the strain rate. The results indicate that for both carbon and

low-alloy steels, the effect of strain rate on fatigue life saturates at =0.001%/s. 14, Based on

existing fatigue S-N data, ANL has developed interim fatigue design curves that take into

account temperature, DO levels in water, sulfur level in steel, and strain rate.18

2.1 Technical Progress (O. K. Chopra, W. F. Michaud, W. J. Shack, and W. K. Soppet)

The objectives of this task are to (a) conduct fatigue tests on carbon and low-alloy steels

under conditions where information is lacking in the existing S-N data base, (b) establish

the effects of material and loading variables on environmentally assisted reduction in fatigue

life, and (c) validate and update the proposed interim fatigue design curves. Fatigue tests

are being conducted on A106-Gr B carbon steel and A533-Gr B low-alloy steel in water and

in air at 288°C. The experimental effort during the present reporting period focused on the

effects of various material and test variables, e.g., composition, strain' rate, strain range, and

surface micropitting on fatigue life of A106-Gr B carbon steel and A533-Gr B low-alloy steel.

2.1.1 " Experimental

Low-cycle fatigue tests are being conducted _on AI06--Gr B carbon steel and A533_-Gr B

low-alloy steel with an MTS closed'loop electrohydraulics machine. The A533-Gr B
material was obtained from the lower head of the Midland reactor vessel, Which was

scrapped before the plant was completed. The A106-Gr B material was obtained from a

508-nim-diame_er schedule 140 pipe fabricated by the Cameron IronWorks, Houston, TX.

The chemical ' compositions of the two materials are given in Table 1, and average RT

tensile properties are given in Table 2.
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Table I, Chemical composition (wt.%) of ferritic steels for fatigue tests

Source/
Material Reference a C P S Si Fe Cr Ni Mn Mo

Carbon Steel

AI06--GrB b ANL 0.29 0.013 0.015 0.25 Bal 0.19 0.09 0.88 0.05

Supplier 0.29 0.016 0.015 0.24 Bal - - 0.93 -

AI06-GrB Terrell(9) 0.26 0.008 0.020 0.28 Bal 0.015 0.002 0.92 0.003

A333-Gr 6 Higuchi (15) 0.20 0.020 0.015 0.31 Bal - - 0.93 -

L0w--Alloy Steel

A533-GrB c ANL 0.22 0.010 0.012 0.19 Bal 0.18 0.51 1,30 0.48

Supplier 0.20 0.014 0.016 0.17 Bal 0.19 0.50 1.28 0.47

A533-Gr B JNUFAD 0.19 0.020 0,010 0.27 Bal 0.13 0.60 1.45 0.52

a Reference number given within parentheses.

b Schedule 140 pipe 508-mm O.D. fabricated by Cameron Iron Works, Heat J-7201. Actual heat
treatment not known.

c Hot-pressed plate 162 mm thick from Midland reactor lower head. austenitized at 871-899°C for
5.5 h and brine quenched, then tempered at 649-663°C for 5.5 h and brine quenched. The plate
was machined to a final thickness of 127 mm. The I.D, surface was inlaid with 4.8--mm weld
cladding and stress relieved at 607°C for 23.8 h.

Table 2. Average room-temperature tensile properties of ferritic steels

Yield Ultimate Reduction

Stress Stress Elongation in Area
Material Reference a (MPa) (MPa) (%) (%)

Carbon Steel

A 106--Gr B ANL 301 572 23.5 44.0

AI06--Gr B Terrell (9) 300 523 36.6 66.3
A333-Gr 6 Higuchl (15) 302 489 41,0 80.0

_w-_lloy Steel

A533--Gr B ANL 431 602 27.8 66.6

A533-Gr B JNUFAD 488 630 27.7 65.2

a Reference number given within parentheses.

Smooth cylindrical specimens with 9.5-mm diameter and 19-mm gage length were

used for the fatigue tests. All tests were conducted at 288°C with fully reversed axial

loading (i.e., strain ratio R =-1) and a triangular or sawtooth wave form. Unless otherwise

mentioned, the strain rate for the triangular wave and fast-loading half of the sawtooth wave

was 0.4%/s. Tests in water were performed under stroke control where the specimen
strain was controlled between two locations outside the autoclave. Tests in air were

performed under strain control with an axial extensometer; specimen strain between the
two locations in the water tests was also recorded, Information from the air tests was used

to determine the stroke required to maintain constant strain in the specimen gage length

for tests in water; stroke was gradually increased during the test to maintain constant strain



In the specimen. A detailed description of the test facility and procedure have been

presented earlier. 14

2.1.2 Air Tests

The fatigue results on A106-Gr B and A533-Gr B steels are summarized in Tables 3 and

4, respectively. The total strain range (AEt) vs. fatigue life (N25) curves for the carbon and

low-alloy steels In air are shown in Figs. 1 and 2, respectively. Fatigue life is defned as the

number of cycles for the peak tensile stress to drop 25% from its initial value. Results from

other Investigations 9,15 on similar steels with comparable composition, in particular sulfur
content, and the ASME Section Ill mean-data curves are also included in the figures. The

results indicate that for both steels, strain rate has no effect on fatigue life in air. The data

for A106-Gr B steel are in excellent agreement with results obtained by Terrell 9 on A106-

Gr B steel, but are lower by a factor of =5 than those obtained by Higuchi and Iida 15 on
A333-Gr 6 steel. Also, the data for AIO6-Gr B steel are below the ASME mean-data curve

for carbon steel at room temperature at high strain ranges (by a factor of 3), but are above

the ASME mean curve at low strain ranges. The results for A533-Gr B steel show good

agreement with the JNUFAD data on A533-Gr B steel and the ASME mean-data curve for

low-alloy steel at room temperature.

2.1.3 Alloy Composition

The cyclic-hardening behavior of carbon and low-alloy steels is consistent with their

microstructure. The A106-Gr B steel, with a pearlitic structure and low yield stress,

exhibits rapid hardening during the initial 100 cycles of fatigue life. The extent of

hardening increases with applied strain range. In addition, the A106-Gr B carbon steel also

exhibits dynamic strain aging, a time-dependent phenomenon caused by interstitial

elements dissolved in the ferrite matrix. Consequently, cyclic stress of carbon steel

increases significantly with decreasing strain rate, although its fatigue life is not affected.

In contrast, the A533-Gr B low-alloy steel consists of a tempered bainitic structure, has a

relatively high yield stress, and shows little or no initial hardening. At low strain ranges,

the A533-Gr B steel shows cyclic softening during the initial 100 cycles of fatigue life.

Because of its tempered bainitic structure, the low-alloy steel exhibits little or no dynamic

strain aging.

The effect of strain rate on the cyclic stress-strain curve is quite pronounced in A106-

Gr B carbon steel because of dynamic strain aging of the material, whereas strain rate has

only a modest effect on the cyclic stress-strain curve for A533-Gr B low-alloy steel. For

both steels, oxygenated water has no effect on the cyclic stress-strain behavior.

Crack propagation behavior is also different for carbon and low-alloy steels. Micro-

graphs of fatigue cracks along longitudinal sections of A106-Gr B and A533-Gr B steel

specimens are shown in Fig. 3. In carbon steel, fatigue cracks propagate preferentially

along the soft ferrite grains. The low-alloy steel exhibits a typical straight fatigue crack that

propagates normal to the stress axis.



Table 3. Fatigue test results.for A IO6B steel

Dissolved Tensile Comp. Stress Strain Life
Test Oxygen pH Cond. Rate b Rate b Range Range N25

Number Env. a (ppb) at RT (btS/cm) (%/s) (%/s) (MPa) {%} (Cycles)

Strain Control Tests

1498 Air - - - 0.4 0.4 1001.4 1.004 1,048

1553 Air - - - 0.4 0.4 921.1 0.757 3,253

1615 Air - - - 0.04 0.4 959.8 0.755 3,873

1609 Air - - - 0.004 0.4 1026.0 0.756 3,721
1673 Air - - - 0.004 0.4 1003.6 0.759 6,275

1543 Air - - - 0.4 0.4 818.2 0.502 14,525

1638 Air - - - 0.4 0.4 803.0 0.440 26,728 cl

1636 Air - - - 0.4 0.4 749.6 0.402 34,829 c2

1619 Air - - - 0.4 0.4 741.7 0.401 37,142
1621 Air - - - 0.01 0.4 787.1 0.403 38,128

1550 Air - - - 0.4 0,4 681.7 0.353 66,768

1552 Air - - - 0.4 0.4 680.6 0.352 93,322

1644 Air - - - 0.004 0.4 702.0 0.364 >95,000
Stroke Control Tests

1546 Air - - - 0.4 0.4 975.7 0.916 1,365

1612 Air - - - 0.004 0.4 1008.2 0.779 3,424

1554 Air - - - 0.4 0.4 896.8 0.730 3,753

1548 Air - - - 0.4 0.4 831.9 0.545 10,632
1555 Air - - - 0.4 0.4 676.3 0.343 98,456

1547 PWR 8 6.7 23.26 0.4 0.4 1010.9 0,987 692

1564 PWR 12 6.6 21.74 0.4 0.4 942.0 0.769 1,525

1676 PWR 2 6.5 20.83 0,4 0.4 926.7 0.741 2,230

1679 PWR 3 6.5 20.41 0.004 0.4 1005.8 0.763 2,141

1681 PWR 1 6.5 20.00 0.0004 0.4 1015.7 0.764 2,672

1549 PWR 8 6.7 25.64 0,4 0,4 827.0 0.533 9,396

1560 PWR 12 6.6 23.73 0.4 0,4 701.3 0.363 35,190

1556 PWR 8 6.6 22.73 0,4 0.4 710.9 0.360 38,632

1632 BWR 800 5.8 0.11 0,4 0.4 913.3 0.740 2,077
1614 BWR 400 5.9 0,11 0,004 0,4 930,4 0.786 303

1623 BWR 800 5.9 0.08 0,004 0.004 943.8 0.792 338

1616 BWR 800 5.8 0.08 0.0004 0.4 912.8 0.799 153

1620 BWR 900 5.9 0.11 0.00004 0.004 943.1 0.794 161

1634 BWR 800 5.8 0.16 0.4 0.4 733.2 0.400 19,318

1624 BWR 800 5.9 0.10 0.004 0.4 775.7 0.456 2,276

1639 BWR 800 5.9 0.09 0.004 0.4 751.6 0.418 2,951

1637 BWR 900 5.9 0.11 0.4 0.4 788.0 0.470 16,622 c3

1643 BWR 800 6.0 0.11 0.004 0.4 698,5 0.363 >65,000

a Simulated PWR water contains 2 ppm lithium and 1000 ppm boron.
b Values for stroke-control tests are approximate. Actual strain rates range between +5% of the listed value.
c Preexposure conditions are as follows:

1. Prior to being tested in air, specimen was fatigued for 570 cycles in oxygenated water with 800 ppb
DO at 0.46% strain range with sawtooth wave form, 0.004 and 0.4%/s strain rates in tension and
compression.

2. Specimen oxidized in oxygenated water with 600 ppb DO for 100 h at 288°C.
3. Specimen was fatigued for 569 cycles in oxygenated water with 800 ppb DO at 0.46% strain range

with sawtooth wave form, 0.004 and 0.4%/s strain rates in tension and compression.



Table 4. Fatigue test results for A533B steel

Dissolved Tensile Comp. Stress Strain Life

Test Oxygen pH Cond. Rate b Rate b Range Range N25

Number Env. a (ppb) at RT (_lS/em) (%/s) (%/s) (MPa) (%) (Cycles)

Strain Control Tests

1508 Air - - - 0.4 0.4 910.9 1.002 3,305

1515 Air - - - 0.4 0.4 866.1 0.752 6,792

1625 Air - - - 0.004 0.4 887.7 0.757 4,592

1629 Air - - - 0.4 0.4 782.9 0.503 31,243 cl

1505 Air - - - 0.4 0.4 767.6 0.501 31,200

1576 Air - - - 0.004 0.4 805.8 0.503 28, 129

1590 Air - - - 0.4 0.004 821.1 0.503 24,471

1640 Air - - - 0.4 0.4 710.9 0.402 65,880

i 517 Air - - - 0.4 0.4 692.5 0.353 2,053,295

1659 Air - - - 0.004 0.4 656.2 0.343 >114,294

Stroke Control Tests

1521 Air - - - 0.4 0.4 889.4 0.910 3,219
1523 Air - - - 0.4 0.4 898.6 0.917 2,206

1522 Air - - - 0.4 0.4 905.4 0.899 3,419

1524 Air - - - 0.4 0.4 892.3 0.950 3,714

1525 Air - - - 0.4 0.4 743.6 0.452 65,758
1538 Air - - - 0.4 0.4 708.0 0.387 > 1,000,000

1526 DI 16 - - 0.4 0.4 876.4 0.873 3,332

1527 DI 1 7 6.0 - 0.4 0.4 752.8 0.493 10,292

1528 DI 5 5.8 - 0.4 0.4 744.1 0.488 25,815

i

1530 PWR 3 6.9 41.67 0.4 0.4 885.5 0.894 1,355

1545 PWR 8 6.9 22.73 0.4 0.4 889.7 0.886 3,273

1533 PWR 4 6.9 45.45 0.004 0.4 916.0 0.774 3,416
1529 PWR 3 6.9 45.45 0.4 0.4 743.4 0.484 31,676

1588 PWR 6 6.5 23.26 0.004 0.4 828.7 0.514 lo,321

1605 PWR 9 6.5 23.81 0.4 0.004 785.2 0.460 >57,443

1539 PWR 6 6.8 38.46 0.4 0.4 694.8 0.373 136,570

1542 PWR 6 6.6 27.03 0.4 0.4 631.8 0.354 > 1,154,892

1645 BWR 800 6.1 0.07 0.4 0.4 831.1 0.721 2,736

1626 BWR 900 5.9 0.13 0.004 0.4 910.1 0.788 247

1627 BWR 800 5.9 0.10 0.004 0.4 826.8 0.534 769
1641 BWR 800 5.9 0.09 0.4 0.4 693.0 0.374 17,367

1665 BWR 800 6.1 0.08 0.004 0.4 717.0 0.376 3,455

1666 BWR 750 6.1 0.09 0.0004 0.4 728.4 0.376 >7,000
1647 BWR 800 6.1 0.09 0.4 0.4 688.0 0.363 26, 165

1660 BWR 750 6.1 0.11 0.004 0.4 689.6 0.360 >83,024

1649 BWR 700 6.3 0.08 0.4 0.4 673.4 0.352 28,710

1652 BWR 700 6.1 0.09 0.4 0.4 638.1 0.328 56,923

1655 BVCR 750 6.1 0.10 0.4 0.4 567.6 0.298 >1,673,954

a DI: Detonlzed water; simulated PWR water contains 2 ppm lithium and 1000 ppm boron.
b Values for stroke-control tests are approximate. Actual strain rates are +5% of the listed value.
c Preexposure conditions are as follows: 1. Specimen oxidized In oxygenated water with 600 ppb DO

for 100 h at 288°C.
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The surface oxide films that develop on carbon or low-alloy steel specimens in air or

oxygenated water do not differ significantly. In general, the specimens tested in air show

slight discoloration, whereas the specimens tested in oxygenated water develop a

gray/black corrosion scale and are covered with surface deposits. The specimens tested at

high DO levels (0.8 ppm) also showed patches of loose brown/red deposit. X-ray diffraction

analysis of the surfaces indicated that for both steels, the corrosion scale is primarily

magnetite (Fe304) in simulated PWR water but also contains some hematite (Fe203) after

exposure to oxygenated water c.ontaining =0.8 ppm DO.

2.1.4 Simulated PWR Environment

The total strain range vs. fatigue-life plots for A106-Gr B and A533-Gr B steels in

simulated PWR water containing <10 ppb DO, 1000 ppm boron, and 2 ppm lithium are

shown in Figs. 4 and 5, respectively. The results indicate a marginal effect of PWR water on

fatigue life at high strain ranges. For both steels, fatigue lives in PWR water are lower by a

factor of up to 2 than those in air at a strain range >0.5%. Fatigue lives in water and air are



comparable at a strain range <0.5%. The results also indicate that a decrease in strain rate

by three orders of magnitude does not cause an additional decrease in fatigue life. The

results for A106-Gr B steel are consistent with data obtained by Terrel110,11 in simulated

PWR water, where no noticeable effect of strain rate or environment on fatigue life was

observed (Fig. 4). Tt:e results are also consistent with the data of ltda et al. 16 and Prater
and CoMn, 19.20 In which the effects of environment were minimal at DO levels of

<0.1-0.2 ppm.

I O0um
I {

A106-Gr B

A533--Gr B

Figure 3. Micrographs o.f typical fatigue cracks along longitudinal

sections o.j'A 106-Gr B carbon steel a1_d A533-Gr B low-

alloy steel specimens
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2.1.5 Oxygenated Water

Environmental effects on fatigue life are significant at high DO levels. Total strain

range vs. fatigue-life plots for A106-Gr B and A533-Gr B steels in water containing

=0.8 ppm DO are shown in Figs. 6 and 7, respectively. For A106-Gr B steel, fatigue tests

were conducted at a total strain range of =0.75% with a sawtooth wave form and tensile

strain rate between 0.4 and 0.00004%/s; the compressive strain rate was 0.4%/s tn most of

the tests. The results Indicate that fatigue life decreases rapidly with decreasing strain rate
and saturates at a strain rate between 0.001 and 0.0004%/s. Compared with tests In air,

fatigue life in oxygenated water is lower by factors of 2, 10, and 20 at strain rates of 0.4,

0.004, and 0.0004%/s, respectively. A further decrease in strain rate to 0.00004%/s does

not cause an additional decrease in fatigue life. The relative reduction in fatigue life at a

total strain range of 0.75 or 0.4% Is the same. The results also indicate that only the slow

tensile-strain cycle is responsible for environmentally assisted reduction in fatigue life.

Two fatigue tests on A106-Gr B steel at a strain range of =0.75%, one with a sawtooth wave

torm (i.e., 0.004 and 0.4%/s strain rates, respectively, during the tensile and compressive

half of the strain cycle) and the other with a triangle wave form (i.e., 0.004%/s constant

strain rate), show identical fatigue lives (Fig. 6).
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Low-alloy A533-Gr 13 steel shows identical behavior; tor similar test conditions, the

absolute values of fatigue life are comparable to those for A I06-Gr B carbon steel. However,

because life in air tor A533-Gr t3 steel Is greater than that tot AIO6-Gr 13 steel, the relative

reduction in life tor the low-alloy steel is larger than that for carbon steel. This is particu-

larly true at low strain range (0.4%), where even at the high-strain-rate fatigue life is lower

by a factor of I0 than in air (Fig. 7).

2.1.6 Strain Rate

Fatigue life in exhibits a strong dependence on strain rate and DO concentration In

water. Although the microstructures and cyclic-hardening behavior of the AIO6-Gr B

carbon steel and A533-Gr B low-alloy steel are significantly different, there ls little or no

difference in environmental degradation of fatigue life of these steels. The relative fatigue

lives of several heats of carbon and low-alloy steels with varying sulfur content are plotted

as a function of strain rate in Figs. 8 and 9. Relative fatigue life is the ratio of life in water

and life of that specific heat in air.
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The results Indicate that the reduction in fatigue life depends not only on strain rate
but also on DO in water and sulfur content in the steel. Environmental effects increase with

decreasing strain rates and increasing levels of DO and sulfur. For example, the maximum

reduction In fatigue life for the A 106-Gr B and A333-Gr 6 carbon steels with a similar sulfur

content is a factor of 2 at <0.05 ppm DO and a factor of 50 or more at 8 ppm DO. Fatigue
lives at intermediate values of DO are between these limits.

However, data obtained on A516-Gr 70 carbon steel (0.033 wt.% sulfur) by General

Electric Co. (GE) in a test loop at the Dresden 1 reactor 4,5 show a different trend. For this

steel, the reduction in fatigue life at 0.2 ppm DO (square data points in Fig. 8) is greater by a

factor of =2 than that for the AIO6-Gr B steel at 0.8 ppm DO and tbr A333-Gr 6 steel at

0.2 ppm DO. The difference may be attributed to the higher sulfur content in the A516-
Gr 70 steel. Similar effects of DO and sulfur content are observed [or the low-alloy steels,

The results also indicate that for both steels, the effect of strain rate on fatigue life saturates

at a value between 0,001 and 0.0004%/s; the actual value may vary with DO and sulfur
content.

Fatigue life can also be aft_cted by loading wave torm. Sawtooth or triangular wave

torms were used in the ANL and Japanese studies. Fatigue tests are in progress with a

trapezoidal wave form that consists of hold periods at peak tensile or compressive strains to
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establish the eftcots of wave slmpe. "l'lw rcslllls will I)c <'riticill ill deternlll_ilIR llt_w data

obtained from simple laboratory loading histories sllollld be applied to more c¢_mplex

loading situations in operattn_ plmlls.

2.1.7 Strain Range

Fat'.gue data in oxygenated water show a distinct ttlreshoid strain ratlge vaitle for

environmental effects. This threshold for ANI, heats of carbon aild low-alloy steels appears

to be at 0.36%; fatigue tests on A I06-GrB axKl A533-Gr It steels al :0.36% slratli raIlge,

=0.8 ppm DO, and 0.004%/s tensile strain rate did not fail even afte.r 65,000 and 83,000

cycles, respectively (Figs. 6 and 7). For the carbon steel, lhe tatiglle S-N t'tlt-ves tll air and

water cross over at low strain ranges, t.e., laligue life in water is hmger than that in air.

This apparently dtfl'erent fatigue S-N behavior Is not caused by il_e water environment but

can be attributed to dynamic strain aging of carbon steels. This is observed in Fig. 6 because
of the difference in strain rate for the tests in air and water. The S-N curve tn air is based

on tests at a strain rate of 0.4%/s, ¢¢hereas the curve in water represents fatigue tests at a

slower strain rate of 0.004%/s. For a specific slrain range, fatigue lests in water at a slower

strain rate show greater dynamic strain aging, higher cyclic stress, lower plastic strain

range, and longer life,

2.1.8 Crack Nucleation

The reduction in fatigue life of carbon and low-alloy steels in oxygmmted water may be

caused by environmental effects on crack propagation and also on crack nucleation. The

fatigue crack growth behavior of these steels in high-temperature oxygenated water and the

effects of sulfur content and loading rate are well knowii. 21-28 The dlssollltion of MnS

Inclusions changes the water chemistry near the crack tip, makln_ tt more a_,P,resslve. This

causes enhanced crack growth rates because either (a)the dissolved sulfides decrease the

repassivatlon rate, which increases the amount of metal dissollltion for a given oxide

rupture rate; or (b) the dissolved sulfide poisons the recombination of H atoms liberated by

corrosion, which enhances It uptake by the steel at the ('rack lip.

Corrosion processes may also enhance crack nlwleation. For example, corrosion pits or

cavities produced by dissolution of MnS itl(']tlStOllS ('all act as sites for nucleathm of [_Hlgue

cracks. 29.30 All specimens tested in air or water contained several secondary cracks,

particularly those tested at high strain ranges. A detailed examination of IDle gage surI_wes

of the specimens was conducted 1o Investigate tile role of lll/4h-tempcrature oxygenated

water on fatigue crack nucleation. The presence of surface deposits often impedes the

examination. Consequently, the specimens were descaled with an electrolyte of 2 g

hexamethylene tetramine in 1000 cln 3 of I N tICl. "l),pical morpholoKv and micrographs of

fatigue cracks on the gage surfaces of AI06-Gr B and A533-GI" B specimens tested in air,

simulated PWR, and htgh-I)O water, are shown in Figs. 10-15. Tile descaled specinlens

show many details that were hidden by the oxide scale and/or deposits. Also, the descaled

specimens show many more cracks that are not visible on the oxidized surIace.

All specimens tested in water showed surface micropitting, These pits form either by

corrosion of the material in oxygenated water or by selective dissolution of MnS or other

inclusions. Typical examples of corrosion pits on A IO6-Gr B and A533-Gr [t steel

specimens are shown ill Fig. 14. The mtcropiis are often associated with cracks, as seen in
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Fig. 16; however, tllese _ire sllrl_wc ¢'r_l_'l,,s itl lilt c_xidc n¢':llc ill,It _1_ li_i exic1_¢l itll_ tilt'

material. None of ltle C×atllilled SlmCilnclis sllowed _ltlV cvl_lctl_'e {tl_tt l_iti_tlc t'r;l<'ks

nucleate preferelltially at lilt microplis. "l\'pic_ll scc_tl,d_lrv I_iiiRllc _'r_lck._ _nl tles¢'_lc(t

s_rfaces of A06-Gr I_ a_d A533-Gr II .spccitne_s are slmw_ i_ l"i_. 17. Scw, r_l _'_rr_sitn_ pits

and cavities created by (lissol_{io_ ¢_1i_wl_slo_s arc visible _ tim s_rti_'e _d sce_ l_ In'

associated with ilm crack, i[_wcver, ihere is no i_(ltcalim_ tidal llw cl'_¢'k act_ally t_tcle_Icd
at any of these sites. The cracks apl)ear Io enem_nter a_d pass lt_ro_b11_ thesc c¢_rrosi(_ l)its

or through stringers of itwlt_sl¢_s. Examinatim_ of llw lati_d_,e sl)eci_e_s i_dic;_Ics li_;_l
Irrespectiveof envlronme_l, cracks it_ carbon a_d low-alloy steels nt_cleatealm_ slip

bands, carbide particles,or at the ferrite/pearlilephase Imtzndaries. Exa_ples of sx_cl_

cracks in a earbm_ steel speci_nml are slmwn tn Fi_. 18,

The metallographic examinatlm_ was complemc|_led by tneas_rit_ tl_e crackit_R

frequency lor fatigue specinmns tested in dillere_t e_viro_mct_ls, t"ig_re. 19 slmws plots of

the tmmber of cracks along longitttditml set'tlotls of the _,a,Rc lengil_ ¢51 AIO6-Gr It at_d

A533-Gr B specimens as a l'xtnetion of strain range in air, simt_lated t'WR. and l_igl_-I)O

water at two different strain rates, lit all cases, the number of cracks represent the aw'raRe

value along a 7 mm gage letlgth. The results slmw that with the exception of tlw low-alloy

steel tested In simulated PWR water, environment has no effect on il_e frequency

(number/_4age length) of cracks. F'or similar loading conditions, the nt_mber of cracks in the

specimens tested in air and water with 0.8 ppm I)O are ide_lieal, althtnu.!,h fatt_te life is

lower by a tactor of--:8 in water. If the reduciim_ it_ life is e_tused by enlmnced crack

tmeleation, the specimens tested in high-l)O water should slmw more cracks.

The low-alloy steel Sl)Ccime_s tested in either simt_latcd PWR water or deionized

water with <10 ppb I)O show a sigt_tficantly higher trcqt_e_cy of crawks, altl_ot_gh their

tatlgue llt_ ts rally nlarginally lower than that it_ air. These cracks most likely are eat_sed by

hydrogen prod_wed by the corrosion reaction. Tim treqt_ency of crat'.ks is hi_her only in lhe

low-alloy steel and not in carbon steel because of siruelural differences; the low-alloy steel

has a high tensile stren_,th m_d a tempered bainitic slrlleture.

The contribt_tions of environment to crack nueleatio_ were further evaluated by

conducting exploratory tests. Figure 20 shows the fatigue life of AI06-Gr B steel in air

(dashed line) and in high-DO water at slrai_ rates of 0.4 and 0.004%/s (circle and diamond

symbols, respectively). A fatigue specimen was preexposed in water with 0.6 ppm I)O for

100 h at 288°C and then tested in air at a total strain range (510.4%. At this strain range,

nearly one--half of the fatlgl_e life may l)e spent in crack nt_t'leaiion. Fatigue life. should be

reduced if surface micropits tacilitale crack nucleation; life of this specimen is identical to

that of an nonoxidized specimen. Similar behavior was observed for a preoxidized A533-

Gr B specimen lesled al a slrain range of 0.5%. It is possible thai a high I)O and slow strain
rate are also needed to intluetme crack nucleation. This possil)ilily was el meked by first

testing a specimen in higt_-I)O water at a strain rat_e of 0.4% and a strain rate of 0.004%/s

for 570 eyc les (---25% of the life at these loading conditions) m_d then testing in either air
or water environment at a strain rate of 0.4%/s, Fatigue life of these tests should be

reduced tf craek nt_eleaiion ('(Hllriblltes ii'! any way Io envirm_mental etR_ets. Once again, no

reduction In life is observed. These results suggest thai ihc reduclion in fatigue life in

oxygenated waier is primarily d_e to environmental effects on tatigue crack propagation;
i.e., environment has little or no effect on crack nucleation.
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Figure 1 1. Morphology (A) and micrographs of fatigue cracks before (B and D)

and after (C and E) descaling of gage surface of A IO6-Gr B

specimen tested in simulated PWR water
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Figure 16. Micropits on surface of (A) A 106--Gr B carbon steel and (B) A533-
Gr B lou_alloy steel tested in oxygenated water at 288°C

g

30 _._m| J_l/i_'#r-_"_ _ " t , ,
A B

Figure 17. Secondary fatigue cracks on descaled surface o[ (A) AIO6--Gr B
carbon steel and (B) A533-Gr B lo_alloy steel specimens

Figure 18. Nucleation of cracks along slip bands, carbide particles, and
ferrite/pearlite phase boundaries of carbon steel fatigue specimen
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3 Environmentally Assisted Cracking of Cast SSs in Simulated BWR
Water

Cast-duplex SSs are used extensively in the nuclear industry in pump casings, valve

bodies, piping, and other components in coolant systems of LWRs. The steels correspond

to ASTM Specification A-351 grades CF-3, CF-3A, CF-8, CF-8A, and CF-8M, where the

compositions of CF-3A and CF-8A fall within the composition limits of CF-3 and CF-8, but

are fl_rther restricted to obtain ferrite/austenite ratios that result in higher ultimate and

yield strengths. The molybdenum-free CF-3 and CF-8 grades contain low- and high-

carbon concentrations (<0.03 and <0.08 wt.%, respectively} and are similar in composition

to wrought Types 304L and 304 SS. The Mo-containing CF-3M and CF-8M grades with

low- and high-C content are similar to Types 316L and 316 SS, respectively. After many

years of service at reactor operating temperatures, these steels ('an undergo thermal aging

embrittlement that is caused by precipitation and growth of a Cr-rich a' phase, an Ni- and

Si-rich G phase, M23C6, y(austenite) in the ferrite, and additional precipitation and/or

growth of existing carbides at the ferrite/austenile phase boundaries. 31-40 These

compositional changes increase the tensile strength 41 and decrease the impact energy and

fracture toughness of the steels. 42-52 In general, the low-C CF-3 grade is most resistant

and the Mo-bearing high-C CF-8M grade is least resistant to thermal embrittlement. 42,45
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Cracking of cast SS c¢)tnpolwllts cxp<_sed t(_ I,WR co(_la1_ts is r:ltller ililrC(lllCilt

compared to that of other nlatcrials. Ilowevcr. all i11spc(,tioll of Ill(' drywell ()f a tlWR i(_

determine tile cause t)f all iIlcrease ill llllt(tclllil]ed leakage revealed _l lllr(nl_ll-w_ll ('r_l('k ill

tile maxmal gate valve in illc ('olldI.'IlSltte l't'illI'l/ lille (_I tile ('III('l'_(_'ll('y t't_wl(lt'ti._cr ,_ySit'lii. °

Subsequently, the internal c()tnp()llcllts of oilier valves ill llw t'lli('l'}J, eIIt'y ('(llldt'llS['l S\'slt'Ill

were retnoved alld itispectcd bv vis/ial, r_(li(_/Zr_ll)l_it', _lxl(! illll';.ls(_lli(' Ic'sls. lllspt't'liolls ()t
the inner surface of tllc valves revealed cracks llcar drai_ tt()lcs it_ tl_¢' valve t)_)(lics, wt_it'l_

were made from CF-SM SS. Some of ttw cracks wcrc wttllin 0.15--(). 35 l_. ot l_._si_

through the 1.25-1n. wall thick_ess (=70-90°,i) tl_ro_t_h wall). A n_elall(_rapl_t(' cxa_i_lio_

of a boat specimen revealed that tile nlaterial cotllailled ---:i5_{, ¢1¢'1t_1i(,rrilc at_(I t[l_l( (11('

crack propagated transgranlllarly wiItl lililc secolKlary t,r_lckill}4, wllicl_ is ('llar;i('tcrisii(" ()I _l

fatigue crack.

The purpose of the present work is to (a) determine whctl_er local con_positiollal

changes and concomitant increases in strength of the materials ('a_ls('d by thermal a_in_

can influence EAC under cyclic loading in high-tcnlpcrature water, at_(l (b) establis|l

whether CGR c_w'es for wrougl_t SS i_ high-ten_perature oxygenated water arc apl)licable

to cast grades of the steel in the as-received and thermally a Red co_diliot_s.

3.1 Technical Progress (W. E. Ruther and T. F. Kassner)

During this reporting period, fracture-mechanics CGR tests were complc_tcd on two

1T-compact tension (CT) specimens of CF-8M (tieat 75) in the as-received and thermally

aged (30,000 h at 350¢_C) conditions in air at 289'::'C. These tests provide baseline data to

assess the influence of high-temperature water on crack growth in the material. Additional

tests were performed on 1TCT specimens of CF-8 SS (Ileal 68) in the as-received and

thermally aged (30,000 h at 350_C) conditions to determine the influeI_ce of I)O in high-

purity (HP) water on the CGRs. Results obtained on as-received CF-SM (Ileal 75) a=Kt

specimens of CF-8M (Heat 75) and CF-8 (tleat 68) steel aged tbr 10.000 h at 400°C and

30,000 at 350°C were presented in previous reports. 53,54

The aging conditions for these heats of steel were sufficient to reach a "saturation"
Charpy-impact energy Cvsat, i.e., a minimum value that would be achieved by t:he materials

after very-long-term aging. The actual value of the saturation impact energy for a specific

cast SS is independent of aging temperature but depends strongly on the composition of

the steel. It is lower for the Mo-bearing CF-3M and CF-8M steels than tor the Mo-free
CF-3 and CF-8 steels, and decreases with an increase in fertile content or the C or N

concentration in the steels. The room-temperature Cvsat values for cast SSs in thermal

aging embrittlement studies conducted at ANL 50 ranged from ---30 to 162 J.cm -2. The

room-temperature impact energy values for tieats No. 75 (CF-SM) and 68 (CF-8) aged for

30,000 h at 350°C were 30 and 65 J.cm -2, respectively, which are indicative of materials

with low fracture toughness after thermal aging. The chemical composition and ferrite

content of these steels, and of CF-3 and -3M grades tested previot=sly, 55.56 are given ii_
Table 5.

* NRC Information Notice 92-50: "Cracking o[Valves in the Condensate Return lanes of a BWR Emergency
Condenser System." July 2, 1992.

7
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Table 5. Ctlemical compositio1_ arzd jerria, t,otlt('rlt o]cc_st SSs lbr corrosion fat_ue iests in
simulaled BWR waWr

Material th'al C(mlposili(m (wt.%) Ferrite (%)

No, Cr M (_ N i M _l Si (_ N P S Calc. Meas.

CF-8 68 20.64 0,31 8.08 0,64 1.07 0,063 0.062 0.021 0.014 14,9 23.4

CF---SM 75 20.86 2,58 9.12 0.53 067 0.065 0.052 0.022 0.012 24.8 27.8

CF-3 P2 20.20 0,16 ,9.3/q 0.74 0,94 0.019 0.062 0.019 0.006 12.5 15.6

CF-3M F5524 19.38 2.'t8 l l .80 0.96 1,35 0.018 0.099 0,015 0.005 5.9 5.0

CGRs in air of the as-received and aged (30,000 h at 350':_C) CF-8M specimens are
shown in "Fable 6. The tests were conducted at load ratlos between 0.2 and 0.9 with a

positive sawtooth wave form at a frequency of 7.7 x 10 -2 Hz and a rise time of 12 s.

Figure 21 shows a plot of the experilnental results versus calculated values for wrought SS
tn air from Section XI of the ASME Code under the same loading conditions. The

experimental results for the steel in both the as-received and aged conditions are

consistent with predicted vahles for wrought SSs in air at CGRs >5 x 10-10 m.s -1 At lower

rates, the experimeiltal values are lower by one order of magnitude. It Is evident that

thermal aging has no ette.et on the CGRs of CF-8M SS in air,

Figure 22 shows the fracture surface, fracture surface morphology, and crack path in

the as-received specimen. The fracture surface and fracture surface morphology of the

thermally aged specimen are shown in Fig. 23. Faint striations are visible on the fracture

surface of the thermally aged specimen in Fig. 23, whereas this is less evident in the as-

received specimen. The crack path in the latter specimen was predominantly

transgranular in relation to the aust(,Ilit(, grains. It was not possible to obtain a

photomicrograph of the crack path ixl ltlc thermally aged specimen because the crack

opened tn the last phase of the test.

Additional CGR tests were conducted on as-received and thermally aged specimens of

CF-8 cast SS (Heat 68) in 289_'C HP water containing 0.06-2.1 ppm DO to supplement

previous results in water with 0.4-4.5 ppm DO. To achieve the desired DO concentration In

the effluent water in all tests, it is necessary to compensate for consumption of oxygen by

corrosion of the autoclave wall and internal components such as the load train, specimens,

and internal flow shroud and by oxidation of trace amounts of organic species that can pass

through the purification system. To obtain DO concentrations in the effluent water

>0.2 ppm, the DO level in the feedwater can be increased by an appropriate amount by

adjusting the oxygen concentration in the cover gas of the feedwater tank. Similarly, a very
low DO concentration in the effluent water (<0.01 ppm) can be easily achieved by

deoxygenated feedwater (=0.01 ppm I)O) because of corrosion of the system, l towever, it is

virtually impossible to control I)O concentrations in the effluent water in the range of 0.05-

0.2 ppm by adjusting the DO of the feedwater in a low-flow-rate system. Theretore, the

test system was modified to attain DO values in this range by periodic injection of an

oxygen/nitrogen gas mixture into lhe feedwater as it: entered the autoclave. The frequency

of oxygen injection was controlled by a timer that was activated by the output of an

electrochemical cell composed of a platinum electrode and an 0.1M AgCI/Ag external
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Table 6. Crack growth results for as-recelved and aged CF--SM cast SS .lT--compact-

tension specimensa under cyclic loadlngb in air at 289°(7,

CF-8M (No. 743-07B) CF-8M (No. 742-05B)

Load Rise As-recelved Aged (30,000 h @ 350°C)

Test Time, Ratio Freq., Time, Kmax c, Rate, Kmax c, Rate,

No. h 10 -2 Hz s MPa.m i/2 10 -tO m.s -I MPa.m I/2 10-1o m.s-I

I 720- 0.7 7.7 12 31.0 26.7 30.6 24.4

748

2 817- 0.3 7.7 12 31.6 59.2 31.5 64.9
850

3d 870- 0,9 7.7 12 31.9 0,1 31.8 0.4

1160

4d 1165- 0.9 7.7 12 36.0 0, I 35.9 0, I
1121

!

5 1835- 0.8 7.7 12 37.0 6.3 36.8 7.0

2040

6 2162- 0.9 7.7 12 45.9 0.5 45.9 0.7
2865

7 3002- 0.7 7.7 12 46.8 24.1 47,4 36.6

3044

8e 3050- 0.2 7.7 12 49.0 343,0 54.8 1040.0
3056

aHeat No. 74 for CF--SM contains 18.4% ferrite.

bposttive sawtooth wave form was used.

cStress hltensity, Kmax, values at the end of the time period.

dRate calculated from the maximum change in crack length during the test; other rates, except for
Test 8, were determined from least-squares fit to the data.

eRate determined from a single measurement of crack extension.

10.6
'_ ........ I • ....... I ..... _"l ' _'''.....I ''_

% 10.7 CF-6MCastSS _
o As-received jo :' F/gure 21.

- 74) in as-received and aged (350°C

it: i0-9 for 30,000 h) conditions in air at

I __m B " 289°c versus calculated cGRs f°r

'_ 1o10
= wrought SS from Section XI of

ASME Codeca i
_) 1oI
:E

10"12 ,. ....... _ ........ I ........ I ........ t ........ I ......
10"12 10"11 10"10 10-9 10-8 10.7 10-6

Calculated CGRi r (m. s"1)
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1IF.AT T'RFATMENT' I.,OAt) CONI)rI'IONS ENVI RON M ENT

As_rcceived Kmax = 314,9 MPu m 1/2 l,_dmratorv Air

R = (1,2. O.9; t"req. = 0,(177 Iiz 2_,_t('

CRACK TIP REGION FRACTURE SURFACE FRACTURE MORPHOLOGY

Figure 22. Crack path, .fracture surJace, and .fracture morphology qf as-

received 1TCT specimen of CF-SM cast SS (No. 743-07B) after

crack growth experiment in air at 289°C

H EAT TREATMENT LOAD CONDITIONS ENVI RO N MENT

350°C for 30.000 h Kmax = 31-55 MPam 1/2 l,aborato_ Air

R = 0.2-0.9; Freq. = 0.077 Hz 289°C

OUTER SURFACE
I"P_B/2 __!

FATIGUE

PRECRACK

FRACTURE SURFACE FRACTURE MORPHOLOGY

Figure 23. Fracture surface and fracture morphology of thermally aged

1TCT specimen qf CF-SM cast SS (No. 742-05B) after crack

growth experiment in air at 289°C
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relereI_ceelectroclel_c'_Ited_Ittile_tntlt,t of the _ll_to_'l;lw'_It2_.c)(_. Wi_'13 tl_e

electrochenlicalpotetltl_fl(ECI')dc'cre_seclbelow tllecontrolv;llsle(e._..-200 xiIVSlll,_)by_l

give_lamotxrlt{e.R..I0 mV), _i solevl_iclv_llveloc'_Itedin the l'eeclwatex"ll1_e_l_t,vlccl
monler'|tarlly_indaclvnlttecl_lsnl;fllvolllme_f o×y_c_ thatdissolvedi_ the feeclwater_isit

flowecl throt_gh a he;_t cxt'h;_llger a11d was l_eated to 289'C beltwe it enterecl the a_toclave.

t3ased on the ¢_peratinR characteristics of tl_e partic_flar system, namely, the target l)(} level,
tlow rate, and tempex'att_re, the ntmfl_er of oxygen in lec'tlox_ events to attain the ctc_,_lc¢,clI)O
level within +_.15% was determined. This cor_trol system was also _seci to ot)i;_i_l [)()

concentrations >0.2 ppxn in the effluent water is subseqt_ent tests.

Results of the CGR tests on as-received and thermally aged CF'-8 specimens ;_re sl_ow_x
in "Fable 7 {Tests 9-151 along with previous results 54 ow these specimens and a tl_ermally

aged specimen of CF-SM steel. The data were obtained in HP water containing 0.06-4.5
ppm DO at a frequency and rise time of the positive sawtooth wave torm of 7.7 x 10 -2 Ilz
and 12s, respectively, R values (Km_n/Kmax) between 0.3 and 0.95. and Km_x vall_es of

=30-46 MPam _/2. This range of conditions produced CGRs in the range of---I x 10 -l_ to

2 x 10-8 m.s--I tor the as-received and thermally aged CF-8 specimens, These data and

results that were reported previously 5:_.54 were used to determine the effects of DO and
load ratio on CGR over a limited range of Kmax. The influence of these variables on CGR
cannot be obtained with a stngle set of speeinlens because of the maximum allow;_ble crack
length in a ITCT specimen.

Figures 9.4-26 show the dependence of CGR on load ratio for as-received and thernaally

aged CF-8 specimens and thermally aged CF-SM specimens in HP water containing

=0.1-6.2 ppm DO at 289°C for Kmax values of-_30-38 MPa.ml/2. The two curves in each

figure represent calculated CGRs from correlations developed at ANL57,58 for wrought S,S in
high-temperature water containing 0.2 a_ct 8.0 ppm DO at Kmax values of 30 and 38

MPa.m_/2, respectively, which encompass minimum and maximum values for these

parameters tot the data shown in the plots.

The experimental data in Figs. 24 and 25 for as-received and thermally aged CF-8 ;_t
R values <_0.8 are reasonably consistent with predictions of the model for wrought SSs in
water containing 0.:2 ppm DO. The somewhat hlgher CGRs for thermally aged CF-SM in
Fig. 26 at R values between 0.3 and 0.95 are well represented by the model for water
containing 8.0 ppm DO.

The CGR dependence of thermally aged specimens of CF-8 on DO concentration and

ECP of Type 304 SS in HP water at an R of 0,95 and Kmax of 35-38 MPa.m _/2 is shown in

Figs. 27 and 28. The dependence of ECP of Type 304 SS on DO concentration of effluent
water from these and previous tests is shown in Fig. 29. The solid lines that depict the

CGR data in Figs. 9.7 and 28 are consistent with the well-known sigmoidal dependence of
ECP on DO shown in Fig. 29.

The dependence of the CGRs of aged CF-8 specimens on Kmax in water containing

0.3-7.2 ppm DO at 289_C, i.e., in the plateau region in Fig. 9.9 where ECP increases slowly
with DO concentration, is shown in Fig. 30, The dashed and solid lines represent the CGR
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Table 7. Crack growth rates for CF-SM and CF--8 cast SS 1T_t tension specimens a under cyclic _ in 289°C water

CF-8M (No. 752-O4) CF-8 (No. 681-08) CF-8 (No. 682-05]

Potentials Load Rise Aged (30,000 h @ 3500Cj As-recelved Aged (30,000 h @ 35(_C]

Test Time, Coral., O2,C 304 SS. Pt, Ratio Freq.. Time. Kmaxd. Rate, Kmaxd, Rate, Kmaxd. Rate,

No. h gS.cm -I ppm mY[SHE) 10 -2 Hz s MPa.m I/2 10- I0 ms -I MPa.m I/2 10- IOm s -I MPa-m I/2 10-10 m- s -!

I 374 0.07 4.4 256 280 0.80 7.7 12 31.8 58.0 30.2 16.9 30.9 31.9
398

2 398 0.08 4.3 237 243 0. L2u3_ 7.7 12 33.1 !6.2 30.5 39 31.3 5.4
526

3 526 0.07 4.2 247 301 0.70 7,7 12 34.9 122.0 30.9 39.2 32.1 53.7
565

4 565 0.07 4.5 252 337 0.30 7.7 12 38.2 349.0 32.0 170.0 33.0 157.0
719

5 719 0.II 0.43 205 218 0.90 7,7 12 40.6 15.9 32.4 2.9 33.6 4.2
1345

6 1345 0.07 0.60 214 223 0.70 7.7 12 43.8 I I0.0 33. I 32.8 34.4 32.4
1410

7 1410 0. I I 0.50 205 211 0.30 7.7 12 52.5 666.0 34.4 157.0 35.8 191.0
1559

8 1559 ....... Specimen Removed e ....
to 2315
00

9 2315 0.07 2.10 250 281 0.80 7.7 12 - - 35.2 16.3 36,2 20.1
2420

I0 2420 0,07 2.10 247 273 0.95 7.7 12 - - 35.4 0.49 36.4 0.77
3020

I I 4530 0.08 0.06 - 103 -86 0.95 7.7 12 - 35.4 <0.3 f 36.4 <0,3 f
5235

12 5365 0.07 0.14 -195 -194 0.95 7.7 12 - - 35.6 0.12 36.7 0. I0
6375

13 7236 0.08 0.07 -314 -283 0.90 7.7 12 - - 35.9 <0.3 f 41.8 11.3
7787

14 7952 0.08 0,07 -356 -311 0.80 7.7 12 - - 36.1 15.3 43.2 55.0
7983

15 8055 0.08 0.08 -362 -314 0.70 7.7 12 - - 37.0 49.9 45.8 94.8
8081

aHeat No. 75 for CF--SM containing 27.8% ferrite (Spec. No. 752--04) and No. 68 for CF-8 containing 23.4% ferrlte (Specs. No. 681--08 and 682-05).
bpositive sawtooth wave form was used.

CEffluent dissolved-oxygen concentrations.
dstress intensity. Kmax, values at the end of the time period.
eSpecimen removed from autoclave because the crack length exceeded the maximum allowable value.
fValue based on the sensivity of the crack length measurement (5 x 10-5 m) divided by the test time.
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dependence of wrought SSs on Kmax in water containing 8 ppm DO and in air, respectively,

from the model at an R of 0.95 and a rise time of 12 s. The limited data suggest a threshold

stress intensity value of =35 MPa.m 1/2 for EAC under these loading conditions, namely a

transition from the air curve at lower values of Kmax to a water curve at higher values. As
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indicated in Fig. 25, the CGRs of aged CF-8 specimens lie below the calculated curve tbr

water containing 8 ppm DO over the entire range of R values. Most of the data at an R value

of 0.95 in Fig. 25 are in the vicinity of what appears to be a threshold Kmax for EAC, which

may account for the wide variation in CGRs at this R value. This may also be tile situation in

Fig. 24 for the specimen in the as-received condition, although there are only two data

points. The one data point in Fig. 26 for a thermally aged CF-8M specimen at an R value of

0.95 and a Kmax of--37 MPa.ml/2 is indicative of EAC based on model predictions in water

containing 8 and 0.2 ppm DO.

10 "8 - _+ ,.... , _ , _ , T) t w-_ _ , _ , , _
CF-8 (Aged)

289oC
10.9 R = 0.95 Water _ •

Tr=12s 8ppmDO _----_ j ;10"1° _DO=0.3-7.2ppm F_gure 30.
, _ EAC__J_/] Dependence of CGR of aged CF-8 SS

KThres_,_
_10 "11 on Kmax in HP oxygenated water at
It. _ 289°C. Dashed and solid lines repre-

O1_ 0 "12 Air _._ sent model predictions in water
containing 8 ppm DO and in air,

10-13 respectively, at R value of 0.95 and
rise time of 12 s.

10 "14 ....... ____L/............................
I 10 100

K (MPa. m1/2)max

Figures 31-33 show the morphology of fatigue and stress corrosion cracks in the as-

received CF-8 and thermally aged CF-8 and -8M specimens. The 1TCT specimens were

sectioned vertically, and one-half of each specimen was split in the plane of the crack in

liquid nitrogen. The corrosion-product film was removed from the fracture surface by a

chemical process to reveal the morphology of the underlying material. The intact portion

of the specimen that encompassed the crack was polished and etched to corroborate the

mode of crack propagation and also to determine if crack branching had occurred during

the test. The total crack lengths at the end of the test were compared with values obtained

from the DC potential-drop technique. As in the case of previous specimens, 5a the crack

paths in Figs. 31-33 favor the ferrite phase or ferrite/austenite phase boundaries. The path

traverses austenite grains when their orientation would require the crack to deviate

significantly from the crack plane. Scanning electron photomicrographs of the fracture
surfaces reveal somewhat featureless transgranular cracks in the ferrite and austenite

phases.

Fracture-mechanics CGR test_ are in progress on three 1TCT specimens of CF-3 cast

SS in the as-received and thermally aged conditions to further explore the effects of

thermal aging on corrosion-fatigue behavior and to establish the threshold stress intensity

for EAC as a function of load ratio in HP oxygenated water at 289°C.
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HEAT TREATMENT [ LOAD CONDITIONS ENVIRONMENT

As-received ] Kmax = 30-37 MPa.ml/2 HP Water; 0.07-4.5 ppm DO
R = 0.3-0.95; Freq. - 0.077 Hz 289°C

i_ , B/2 - ;i OUTER SURFACE

DUCTILE

SCC

PRECRACK

[,

FRACTURE SURFACE FRACTURE MORPHOLOGY

Figure 31. Crack path, fracture surface, and fracture morphology of

as-received 1TCT specimen of CF-8 cast SS (No. 681-08)

after crack growth experiment in HP water at 289°C
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HEAT TREATMENT I LOAD CONDITIONS ENVIRONMENT

350°C for 30,000 h I Kmax = 30-46 MPa.m 1/2 HP Water; 0.07-4.5 ppm DO
R = 0.3-0.95; Freq. = 0.077 Hz 289°C

OUTER SURFACE

tq----_----a/2

DUCTILE

PRECRACK

FRACTURE SURFACE FRACTURE MORPHOLOGY

"": oo o!!
" " "_;_osmmm"

!im I,

CRACK TIP REGION CRACK PROPAGATION

Figure32. Fracturesurfaceand fracturemorphologyofthermally
aged ITCT specimenofCP-8 cast_ (No.682-05)after
crack growth experiment in air at 289°C
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HEAT TREATMENT LOAD CONDITIONS ENVIRONMENT

350'_C for 30,000 h Kmax = 30--53 MPa.m 1/2 HP Water: 0.07--4.5 ppm DO

R = 0.3-0.95; Freq. = 0.077 Hz 289°C

OUTER SURFACE
B/2 r---i

_GTILE

SCC

PRECRACK 6o,.=I...... i!

FRACTURE SURFACE FRACTURE MORPHOLOGY
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4 Irradiation-Assisted Stress Corrosion Cracking of Austenitic SS

II1 recent years, failures of reactor-core internal components in both [-3WRs and PWRs

have increased after accumulation of relatively high fluence (>5 x 1020 n.cm -2, E >1 MeV).

The general pattern of the observed failures indicates that as nuclear plants ago alid

neutron fluence increases, various apparently nonsensitized austenitic SSs become

susceptible to intergranular failure. Some components (e.g., BWR core shroud, control

blade handle and sheath) are known to have cracked under minimal applied stress.

Although most failed components can be replaced, some safety-significant structural

components (e.g., BWR top guide, shroud, and core plate) would be very difficult or

impractical to replace. Therefore, the structural integrity of these components after

accumulation of high fluence has been a subject of concern, and extensive research has

been conducted to provide an understanding of this type of degradation, which is

commonly known as irradiation-assisted stress corrosion cracking (IASCC).

In the mid-1960s, investigators began to implicate impurities such as St, P, and S in

IASCC failure of components fabricated from solution-annealed nonsensitized austenitic SS.

However, in direct contradiction of the earlier beliefs and initially encouraging test results

obtained from high-purity (HP) Type 348 and 304 austenitic SSs, several investigators

recently have reported results from slow-strain-rate-tensile (SSRT) and in-reactor tests

indicating that resistance to IASCC failure of other HP heats of Type 304 and 348 SS is no

better than that of commercial-purity (CP) matelials, Therefore, the issue of superior

performance of HP materials and the mechanisms of IASCC appear to be far from

established. In general, heat-to-heat variation in susceptibility to IASCC has been observed

to be very significant regardless of material grade, even among similar HP materials

containing virtually identical chemical compositions. This seems to cast serious doubt not

only on the role of grain-boundary segregation of impurities (i.e., St, P, or S) but also on the

premise that Cr depletion is the only important mechanism of IASCC. Although significant

grain-boundary Cr depletion can play an important role in IASCC of thermally sensitized and

irradiated components, we suspect that another primary process that involves trace

impurity elements, which are not specified in the ASTM specifications, may contribute to

IASCC of solution-annealed materials. These elements, which have been overlooked by

most investigators, are typically associated with iron and steel making processes and with

fabrication of the actual components, i.e., elements associated with flux compounds, cutting

agents, recycled scrap, and strengthening additions. In the present study, results of grain-

boundary chemical analysis by Auger electron spectroscopy (AES) of specimens obtained

from Type 304 SS components irradiated in operating BWRs were examined to determine
the role of trace elements.

Other topics contained in this report are (a) status of the Halden-reactor irradiation of

austenitic SS alloys irradiated to a fluence of =0.43 x 1021 n.cm -2, E >1 MeV), (b) progress

of the assembly of a J-R test facility that will be used to determine fracture toughness of

specimens irradiated in the Halden reactor, and (c) initial data that show the effects of ECP

and DO on IGSCC of irradiated BWR specimens.

4.1 Role of Trace Elements in SCC of Irradiated Austenitic SSs
(H. M. Chung, W. E. Ruther, and J. E. Sanecki)

In previous publications, 59,60 we have reported results of AES analyses of several heats
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of Types 304 SS. Detailed analyses of grain-boundary chemistry were conducted on BWR

neutron-absorber tubes that were fabricated from two heats of HP Type 304 SS of virtually

identical bulk chemical composition (Heats HP304-A and -CD, Table 8) but exhibiting a

significant difference in susceptibility to IASCC after irradiation to =2 x 1021 n.cm -2,

E >I MeV (Fig. 34). Grain-boundary concentrations of Cr, Ni, Si, P, S, and C of the two HP

heats were virtually identical. However, grain boundaries of the crack-resistant material

contained less N and more B and Li than those of the susceptible material. This observation

indicates that, besides the deleterious effect of grain-boundary Cr depletion, grain-boundary

segregation of N and B plays an important role in IASCC. That is, lower N and higher B

concentrations on grain boundaries are beneficial in that they suppress IASCC.

Table 8. Chemical composition and fluence of HP and CP Type 304 SS BWR components

ComposIUon (wt.%)
Fluence

Heat Source Service i021

ID No. Cr Ni Mn C N B Si P S Code Reactor n.cm -2

HP304-A 18.50 9.45 1.53 0.018 0.I00 <0.001 <0.03 0.005 0.003 V-ATa BWR-B 0.2-1.4

HP304-B i8.30 9.75 1.32 0.015 0.080 <0.001 0.05 0.005 0.005 V-AT a BWR-B 0.2-1.4

HP304-CD 18.58 9.44 1.22 0.017 0.037 0.001 0.02 0.002 0.003 V-AT a BWR-B 0.2-1.4

HP304-CD 18.58 9.44 1.22 0.017 0.037 0.001 0.02 0.002 0.003 QC-ATa BWR-QC 2.0

CP304-A 16.80 8.77 1.65 0.08b 0.052 - 1.55 0.045 b 0.030b BL-ATC BWR-Y 0.2-2.0

CP304-B 18.0-20.0 8-10.5 2.00 b 0.08 b - - 1.00 b 0.045 b 0.030 b LC-S d BWR-LC 0.5-2.6

aHigh-purity neutron absorber tubes, OD = 4.78 mm, wall thickness = 0.63 mm, composition before irradiation.

bRepresents maximum value in the specification; actual value not measured.

CCommercial-purity absorber tubes, OD = 4.78 mm, wall thickness = 0.79 mm, composition after irradiation.

dCommercial-purity control blade sheath, thickness 1.22 mm, actual composition not measured.

100 ' '''I ........ I ' ' ' ' ' '''1

A CP304, Kodamaet al. (A)" O CP316,Kodamaet al.
I.- 80 O CP304-A, thisstudy
at" " ._ CP304-B, this study - Figure 34.

= _ HP304-A thisstud.y CP.-" HP304-B:thissluoy HP Percent IGSCC vs. fluence for HP and

Eo6°- ,' - CP Type 304 SS BWR specimensi i

" 2sa°c / o " " from SSRT tests at 289°C in
(=I) DissolvedOxygen
tO 40 , ,
¢n - .0.3turn /A /> z_ " simulated BWR water. Specimens
t__ . . o ,. irradiated to 2 x 1021 n.cm -2 were

20 / . . ...."
. q¢_ . analyzed to determine role of trace

o .... _ .... ,__ ..........._,,., _ ,'z_ ,cP ..... i " impurities.
1020 1021 1022

Neutron Fluence (n.crn'", E >1 MeV)

Significant heat-to-heat variation similar to that of Ref. 59 has been also reported for

HP heats of Type 348 SS by Garzarolli et al. 61 Contrary to their earlier observation of

superior resistance for one of the HP heats both in a BWR and PWR, 62 three similar HP

heats of Type 348 SS of virtually identical chemical composition exhibited poor resistance

to IASCC in a PWR. 61 It has been also reported recently that Types 304 and 316 SS,

irradiated to a fluence of =3 x 1021 n.cm -2 (E >I MeV) at 50°C in the Japan Material

Testing Reactor (JMTR), exhibited a surprisingly high susceptibility to IGSCC in SSRT tests
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at 288°C despite the likelihood that grain-boundary Cr depletion is negligible at such a low

irradiation temperature, These observations 60,61.* strongly suggest that an unidentified

process other than grain-boundary Cr depletion or radlation-induced segregation (RIS) of

primary impurities 60,63 (such as Si, P, C, or S) plays an important role in IASCC.

We have suspected for some time that IASCC may be influenced by minor impurity

and/or trace elements that are not specified in the ASTM specification. Besides the Cr, Ni,

Mn, Si, P, S, C, and N normally identified in the ASTM specification, other minor impuri-

ties and trace elements may have been overlooked by most investigators. These elements

originate mostly from (a) flux material used to make iron and steel, (b) materials used to

facilitate fabrication and shaping of components, (c) recycled scrap, and (d) ferrovanadium

added to increase the strength of steels, which may include Ca, A1, F, Cu, Mg, B, Te, Se, Bi,

Pb, and V. Most of these elements were found to be present in the HP and CP Type 304 SS

specimens from BWR neutron-absorber tubes and a control-blade sheath (Fig. 34) that we

analyzed by AES.

Surprisingly, the susceptibility to IGSCC correlates well with the grain-boundary
concentrations of F and V. AES spectra of these elements are shown in Fig. 35. The

primary Auger electron peak (derivative peak) for F is at 650 eV and two minor peaks occur

at 605 and 625 eV, respectively. Because the primary peak of F overlaps the strong peak of
Fe at 651 eV, it is easy to overlook the presence of F in the steels. Fluorine originates from

welding electrodes or fluorspar, a compound frequently used as flux material by many

producers of iron and steel (or from recycled steel that contains F), whereas V originates
from ferrovanadium; a strengthening addition used extensively by most steel makers. CaF2

is a major constituent (=75%) of fluorspar, a neutral flux. Any amount of scrap iron and

steel originally produced with the use of fluorspar and recycled could introduce F into a
new heat of steel.

A survey of AES spectra from a variety of iron and steels in the literature indicated that

F was absent or negligible in some heats, e.g,, nonirradiated AISI 3340 steel (3.4Ni-I.9Cr-

2.2C-0.03Sb), 64 nonirradiated Type 304 SS, 65 nonirradiated high-purity Fe doped with

0.09 wt% B, 66 and nonirradiated and irradiated 9Cr-IW-2Mn steel. 67 However, in some

heats of material, intensities of the 605- and 625-eV peaks of F were significant, e.g.,

irradiated Type 304 SS, 68 nonirradiated Type 304 SSs, 69 nonirradiated Fe-I.7C-3.2Mn and
Fe-I.7C-3.0Ni, 7o and irradiated Nimonic PE16. 71 The relative grain-boundary concentra-

tions for F were determined based on the ratio of the amplitude of secondary Auger-

electron peak of F (605 eV) to the amplitude of the primary Fe peak; actually the sum of the

primary Fe and F peaks (650 eV). The relative concentrations of F, obtained from ductile
(denoted "D'), faceted featureless (denoted "U"), and intergranular (denoted "I") fracture

surfaces of BWR specimens of Heats CP304-A, CP304-B, HP304-CD, and HP304-A

irradiated to =2 x l O21 n.cm -2 {E >l MeV), are shown in Fig. 36. In the figure, the right-

hand-side insets show results obtained from duplicate specimens. In Fig. 37, similar

results of AES analyses of V are shown.

s

M. Kodama, J. Morisawa, S. Nishimura, K. Asano, S. Shima, and K. Nakata, Stress Corrosion Cracking and
Intergranular Corrosion of Austentic Stainless Steels Irradiated at 323K, In Proc. 6th Intl. Conf. on Fusion
Reactor Materials, September 27-October 1, 1993, Stresa, Italy, in press.
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In two materials that exhibited relatively good reslsianee to IGSCC_ (i.e., CI'304-I_ slleaill

and I IP304-CD neutron-absorber tube, Fig. 34), tile concentrations of F and V were rela-

tively low or llegligible. The IIP304-CI) neuiron-abs¢)rber lllbe exhibited sllpcrior resis-
tance to IASCC based oil in-reactor service experience. 72 Ill cmltrast, tile two llmterials

that exhibited relatively poor resistance (i.e., CP304-A and I!1'3(}4-A nelltron-al}sorber

tubes, Fig. 34) showed relatively high concentrations of F and V (m _ralll boundaries and i1_

grains. Based on data in Figs. 36 and 37, grai_l-boundarv coneenirailolls of F and V were

plotted In Figs. 38A and 38B, respectively, as function of %IGSCC measiired from SSRT

tests of the BWR-irradiated specimens.

Sn+V

Ni

Ni
i+Fe

Cr

Cr

Fe

Fe+F

Figure 35. Auger peaks .from minor impurity elements in

typical AES spectra obtained from BWR specimens

o.f Type 304 SS irradiated to _2 x 1021 n.cm -2

Fluorine could combine with l-I to form HF molecules, which react with water. Vana-

dium is known to form many complex compounds with impurity elements, many of which

are known to be readily soluble in water, e.g., vanadium fluorides. Vanadium is also

characterized by Its slow transmutation to Cr by thermal neutrons. Although, as Fig. 38

shows, susceptibility to IASCC appears to be promoted by the presence of F and/or V atoms

on grain boundaries, a mechanism by which this might occur is not known.
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Figure 36. Intensities of F signal (605 eV) from ductile (denoted by "D'), intergranular

("I"), and faceted ("U") fracture surfaces qf CP and HP Type 304 SS BWR

specimens irradiated to =2 x 1021 n.cm -2
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Figure 37. Intensities of V signal (473 eV) J'rom ductile (denoted by "D"), intergranular
("I"), and faceted ("U").fracture surfaces qf CP and HP Type 304 SS BWR

specimens irradiated to =2 x 1021 n.cm -2

It seems that F atoms are preferentially trapped at certain types of precipitates. For

example, the IASCC-resistant HP304-CD heat contained Cu-rich precipitates In relatively

high number density, and results of Auger electron analysis indicate that F atoms are

trapped at these precipitates. This is shown in Fig. 39.
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4.2 Effect of Water Chemistry on IASCC Susceptibility
(H. M. Chung and W. E. Ruther)

The effect of water chemistry on IASCC of BWR components has been assumed by many

investigators to be similar to that for IGSCC of thermally sensitized austenitic SSs.
However, actual data that show the influence of water chemistry on susceptibility of

irradiated materials to IASCC are very limited. Whether IASCC can be suppressed effectively

by a reduction of the ECP of the material and what the threshold level of ECP may be have
not been well established. Data for effects of water chemistry on IASCC have been reported

for a few heats of Types 304 and 316 SS, 73-76 In Fig. 40, the effects of ECP and DO on

%IGSCC and average CGR measured from SSRT tests are summarized. In the figure, results

obtained from the present Investigation on BWR absorber tubes and sheath are also Included

to give a comparison with data reported in the literature. Only the data obtained for a
similar fluence range (1.2 - 3.5 x 1021 n.cm -2 ) have been Included tn each plot. From

Fig. 40, unlike the dependence of IGSCC of thermally sensitized materials on ECP or DO
concentration in water, it seems that intluence of water chemistry on susceptibility to

IGSCC of irradiated materials varies strongly from heat to heat, even among materials of

41



similar type and Irradiation history. Future work tn this task will concentrate on

determining effects of ECP at <-100 mVSHE and DO at <0.1 ppm on susceptibility to

cracktn_ of specimens of HP and CP heats of Tvpe 304 SS Irradiated In a BWR.
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4.3 Irradiation of Austenitic SS Alloys in Halden Reactor
(T. Karlaen, Halden Reactor Project, Halden, Norway, and H. M. Chung)

Irradiation of SSRT and CT fracture-toughness specimens of austenltlc SS in the

Halden heavy-boiling-water reactor (HBWR) has been in progress. The cooperative work,

jointly conducted with the OECD Halden Reactor Project in Norway, utilizes dry irradiation

capsules (see Fig. 41). The reactor loop operates under a condition similar to that of a

BWR; temperature and fast neutron flux (E >l MeV) of the specimens stacked in He-filled

capsules are =288°C and =4-6 x I013 n.cm-2.s -I, respectively.

A total of 96 SSRT and 24 CT specimens, machined from 27 model alloys of austenitic

SS, are being irradiated in 6 capsules, i.e., l low-fluence (=0.5 x I021 n.cm -2, E >I MeV),

2 medium-fluence (=1.5 x I021 n.cm-2), and 3 high-fluence (=3.1 x l021 n.cm -2) capsules.

Four capsules were stacked vertically in the irradiation vehicle as illustrated in Fig. 41.

Each capsule filled with research-grade He contains 16 SSRT and 4 CT specimens together

with 2 dummy pieces of SS to fill voids in the capsule. The specime n encapsulation and

stacking sequence is shown in Fig. 42 and dimensions of the SSRT and CT specimens are

given In Fig. 43.
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Figure 43. Dimensions of (A) SSRT and (B) CT specimens being irradiated in
Halden HBWR

Table 9. Composition of SSRT and CT specimens of austenitic SSs irradi-
ated to =0.43 x 1021 n.cm -2 (E >1 MeV) in Halden reactor

Specimen Composition (wt.%)

ID No. a N i Si P S Mn C N Cr

SSRT

CI-I 8.12 0.50 0.038 0.002 1.00 0.060 0.060 18.11

C3-I 8.91 0.46 0.019 0.004 1.81 0.016 0.083 18.55

L4-1 10.20 0.94 0.031 0.010 1.75 0. II0 0.002 15,80

L5-1 9.66 0.90 0.113 0.028 0.47 0.006 0.033 21.00

L8-1 I0.20 0.15 0.093 0.010 1,85 0.041 0.001 18.30

C9-I 8.75 0.39 0.013 0.013 1.72 0.062 0.065 18.48

CI0-1 8.13 0.55 0.033 0.002 1.00 0.060 0.086 18.19

LII-I 8.15 0.47 0.097 0.009 1.02 0.014 0.004 17.40

C12-I 8.23 0.47 0.018 0.002 1.00 0.060 0.070 18.43

L13-1 8.18 1.18 0.027 0.022 0.36 0.026 0.001 17.40

C16-I 12.90 0.38 0.014 0,002 1.66 0.020 0.011 16.92

1,18-i 8.13 0.14 0.016 0.033 1.13 0.080 0.001 18.00

C19-1 8,08 0.45 0.031 0.003 0.99 0.060 0.070 18.21

L20-1 8.91 0.17 0.010 0.004 0.41 0.002 0.002 18.10

C21-I b 10.24 0.51 0.034 0.001 1.19 0.060 0.020 16.28

L22-I c 13.30 0.24 0.015 0.004 0.40 0.003 0.001 16.10

CT

C3-A 8.91 0.46 0.019 0.004 1.81 0.016 0.083 18.55

CI9-A 8.08 0.45 0.031 0.003 0.99 0.060 0.070 18.21

L20-I 8.91 0.17 0.010 0.004 0.41 0.002 0.002 18.10

C21-Ib 10.24 0.51 0.034 0.001 1.19 0.060 0.020 16.28

aLetters "C" and "L" denote commercial and laboratory heats, respectively.

bCommercial-purity Type 316 SS, Mo = 2.08 wt.%

cHigh-purity Type 316 SS, Mo = 2.04 wt.%
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4.4 J-R Fracture Toughness Test of Irradiated Austenltic SS
(W. E. Ruther and H. M. Chung)

The SSRT and miniature CT specimens of austenitic SSs (Fig. 43B), already received or

being irradiated to higher fluences in the Halden HBWR, will be tested in a hot cell to
determine the effects of irradiation damage, chemical composition, and fabrication

procedures on the fracture toughness and tensile properties. Hot-cell equipment is

currently available for high-temperature testing of irradiated SSRT specimens, but

adaptation of existing equipment is now in progress for performing in-cell J-R tests of the

miniature CT specimens. The equipment has been designed to conduct CGR tests on these

specimens in the future.

Loading will be done with an MTS hydraulic system operating under strain control, and

crack length will be monitored by the reversing DC potentlal--drop method, which has been

used successfully on standard 1TCT specimens for >5 years in this laboratory. The method

is being adapted to test the miniature irradiated specimens. Such a system has been used

by other investigators. 77

A schematic of J-R equipment that is being assembled is shown in Fig. 44. Each

miniature CT specimen requires the attachment of four electrical wires; threaded holes

have been provided for connecting these leads to the irradiated specimens. Small jigs have
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Figure 44. Schematic of J-R fracture-toughness facility

for tests on miniature CT specimens of
austenitic SS irradiated in Halden HBWR
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been prepared and tested for holding the specimen and aligning the machine screws and
holes so that a minimum of delicate handling will be required by hot-cell mechanical

manipulators. The CT specimen is mounted vertically between mica insulated grips. The

furnace and heavy-walled aluminum liner are counterbalanced so that they may be lowered

for specimen installation and then raised to surround the sample and grips for high-

temperature testing in air. The top and bottom of the furnace are also made of heavy

aluminum and fit snugly with the liner, to approximate a ",black. body" condition within the
furnace.

5 Summary of Results

5.1 Fatigue of Ferritic Steels

• The fatigue behavior of A106-Gr B carbon steel and A533-Gr B low-alloy steel has been

investigated in oxygenated water and in air. The results confirm the significant

reduction in fatigue life and strong dependence on strain rate. For both steels, fatigue

life in oxygenated water decreases with decreases in strain rate or increases in DO.

• The effects of strain rate on tatigue life saturate at sonic low value of strain rate, e.g.,

between 0.0004 and 0.001%/s in oxygenated water with --0.8 ppm DO. The actual

value of saturation strain rate may vary with DO and sulfur content of the steel.

• The results show that although the cyclic stress-strain and cyclic-hardening behavior

of carbon and low-a!ioy steels are distinctlydifferent, there is little or no difference in

susceptibility to environmental degra0ation of fatigue life of these steels, when sulfur

levels are comparable. The A106-Gr B carbon steel exhibits pronounced dynamic

strain-aging, whereas strain aging effects are modest in the A533-Gr B low-alloy steel.

• A detailed examination of the gage surfaces of the specimens was conducted to

investigate the role of high'temperature oxygenated water in fatigue crack nucleation.

The results suggest that oxygenated water has no effect on nucleation of cracks. All

specimens tested in water showed surface micropitting due to either corrosion of the
material or selective dissolution of MnS or other inclusions. However, there is no

indication that a fatigue crack nucleated at any of the surface micropits. Examination of

the fatigue specimens indicates that irrespective of environment, cracks in carbon and

low-alloy steels nucleate along slip bands, carbide particles, or at ferrite/pearlite phase
boundaries.

5.2 Environmentally Assisted Cracking of Cast SS

• Crack growth rate (CGR) tests were conducted on fracture-mechanics specimens of

as-received and thermally aged CF-8M cast SS in air to provide baseline information

for comparison with results for wrought SSs in air in Section XI of the ASME Code and

in oxygenated water. The results indicated that long-term thermal aging had no effect

on CGRs of CF-8M SS in air. The experimental data were consistent with predictions

from the ASME Code at rates of > 5 x 10-10 m.s -1, but were below Code predictions by

one order of magnitude at lower rates.

46



* Additional crack growth tests have been conducted on fracture-mechanics specimens

of CF-8 and CF-8M grades of cast SS in the as-received and thermally aged conditions

to characterize material, loading, and environmental conditions that can produce

environmentally assisted cracking in these steels.

* CGRs ,of thermally aged CF-8M specimens (with carbon and ferrite contents of 0.065

wt.% and 27.8%, respectively) show larger environmental enhancement than as-

received and thermally aged CF-8 specimens (with carbon and ferrite contents of

0.063 wt.% and 23.4%, respectively) in HP oxygenated water at load ratios between
0.3 and 0.95.

, The dependence of the CGR of thermally aged CF-8 SS on DO concentration (0.002 to

8 ppm) and electrochemical potential of Type 304 SS (-565 to 250 mVSHE) in HP

water was determined at a load ratio of 0.95, a rise time of 12 s, and a Kmax of 35-38

MPa.ml/2. The CGRs increase rapidly with DO concentration over a relatively narrow

range of--0.05-0.2 ppm and become virtually independent of DO concentration at

values >0.2 ppm. The CGRs at high DO concentrations indicate that the air curve is

frequently nonconservattve, but the data are bounded by the modified correlations for

wrought SSs in water at 289°C.

• Metallographic evaluation of the_ specimens after the experiments indicated that the

mode of cracking :in the CF-8M specimens in air was transgranular and that the crack

path in all specimens in water favored the ferrlte/austenite phase boundaries in the
materials.

5.3 Irradiation-Assisted Stress CorrosiOnCracking of Type 304 SS
• : , _.. ._ _ . ,t ,,.

• The role of minor Impurity and trace elements in austenitic SSs, not quantified in the

ASTM specifications, in IASCC was examined Surprisingly, the susceptibility to IGSCC

of specimens obtained from frradiated BWR' compo'nents correlates well with the grain-

boundary concentrations of F and V. Fluorine apparently originates from welding

electrodes or fluorspar, a ;compound frequently used as flux material by many producers

of Iron andsteels (.or from recycling of F-containing steel scrap), whereas V originates

from ferrovanadium, a strengtheningaddition used extensively by most steel makers.

Fluorine seems to be trapped by certain types of precipitates, indicating an important

role of precipitation In austenitlc SSs.

• A comparison of preliminary data in this study and those reported in literature

Indicates that, unlike the dependence of IGSCC of thermally sensitized materials on

ECP or DO concentration in water, the Influence of water chemistry on susceptibility to

IGSCC of irradiated materials varies strongly from heat to heat, 'even among materials of

a similar type and irradiation history. '

• Sixteen SSRT and 4 CT specimens of austenitic SS alloys were discharged from the

Halden HBWR after a fluence of _-0.43 x 1021 n.cm -2 (E >1 MeV). All apparatus is

being assembled for J-R fracture-toughness tests of the specimens. Specimen loading

is accomplished by means of an MTS hydraulic system that operates under strain

control. Crack length will be monitored by the reversing DC potential-drop method.
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