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Corrosion Fatigue of Alloys 600 and 690
in Simulated LWR Environments

by

W. E. Ruther, W. K. Soppet, and T. F. Kassner

Abstract

Crack growth data were obtained on fracture-mechanics specimens of Alloys 600 and 690
to investigate environmentally assisted cracking (EAC) in simulated bolling water reactor and
pressurized water reactor environments at 289 and 320'C. Preliminary information was
obtained on the effect of temperature, load ratio, stress intensity (K), and the dissolved-oxygen
and -hydrogen concentrations of the water on EAC. Specimens of Type 316NG and sensitized
Type 304 stainless steel (SS) were included in several of the experiments to assess the
behavior of these materials and Alloy 600 under the same water chemistry and loading
conditions. The experimental data are compared with predictions from an Argonne National
Laboratory (ANL) model for crack growth rates (CGRs) of SSs in water and the ASME Code
Section XI correlation for CGRs in air at the Kmax and load-ratio values in the various tests.
The data for all of the materials were bounded by ANL model predictions and the ASME
Section XI * air line."
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Executive Summary

| Fracture-mechanics crack growth rate (CGR) tests were conducted on compact-tension
specimens of mill-annealed Alloy 600 and thermally treated Alloy 690 in oxygenated water and
in deaerated water that contained boron, lithium, and low concentrations of dissolved>

l

| hydrogen at 289 and 320'C. Specimens of sensitized 'Iype 304 and Type 316NG stainless
steel (SS) were included in several experiments to compare the behavior of these materials
with that of Alloy 600 under the same water chemistry and loading conditions. The

, experimental data are compared with predictions from an Argonne National Laboratory (ANL)
model for CGRs of SSs in water and the ASME Code Section XI correlation for CGRs in air at

! the maximum stress intensity (Kmax) and load-ratio R values in the various tests. The data for
all of the materials were bounded by ANL model predictions and by the ASME " air line."

Comparison of CGRs of Sensitized Type 304 SS and Mill-Annealed Alloy 600 in
Oxtigenated Water

The effect of water chemistry on CGRs of mill-annealed Alloy 600 and sensitized Type 304
| SS was explored at a load ratio of 0.95. Small amounts of chromate and sulfate (<200 ppb)
| and two amines (1-5 ppm) in water that contained =200 ppb dissolved oxygen (DO) produced
| small but measurable changes in the CGRs of the sensitized Type 304 SS specimens but had

virtually no elTect on the CGR of the Alloy 600 specimen. The average CGR of the Alloy 600
| and sensitized Type 304 SS specimens was =2.3 x 10-10 m s-1 at aload ratio of 0.95 and Kmax

of >30 MPa ml/2 under these water chemistry conditions. This rate is consistent with CGRs of
sensitized Type 304 and nonsensitized Type 316NG SS specimens in oxygenated water at
289*C under similar loading conditions. The observation that different materials, e.g., Alloy

i 600, sensitized Type 304, nonsensitized Type 316NG, and Grade CF-3, CF-8, and CF-8M cast
SS, exhibit approximately the same CGR in oxygenated water despite significant differences in I

material chemistry, microstructure, and mode of crack propagation, suggests that crack
propagation is largely controlled by the rate of cathodic reduction of DO with a concomitant
anodic dissolution process at the crack tip. j

i

t Comparison of CGRs of Mill-Annealed Alloy 600, Sensitized Type 304 SS, and
Type 316NG SS in Oxygenated Water and in Simulated PWR Water

Experiments were also performed in simulated pressurized water reactor (PWR) primary-
system water that contained 450 ppm B and 2.25 ppm Li (added to the feedwater as 11 B033

| and LiOH),3-58 cm3 Il kg-11120, al ppb DO, and 750 ppb hydrazine. Ilydrazine was added2

| to the feedwater to scavenge residual DO to a very low level. In these experiments, the role of
HaBO , LiOll, and dissolved hydrogen in crack growth was investigated vis-a'-vis high-purity3

(HP) deoxygenated water. Experimental CGR data for Alloy 600 and Type 304 and 316NG SS
specimens in simulated PWR primary-system water were also compared with rates for
wrought SSs in air from the ASME Code Section XI correlation and the ANL model that was
modified to assess crack growth in low-oxygen environments with no contribution from stress
corrosion cracking. With the exception of one data point for an Alloy 600 specimen, the
experimental results are bounded by the ANL model prediction and by the air curve for
austenitic SSs predicted by the ASME Code.

|
' ix NUREG/CR-6383
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CGRs of Will-Annealed Alloy 600 and Thermally Treated Alloy 690 in llP
Water at 239 and 320^C

Corrosion-fatigue experiments were conducted on mill-annealed Alloy 600 and mill-
anneated plus thermally treated Alloy 690 specimens in HP water to investigate the effects of
temperature, DO, and dissolved hydrogen in water on CGRs of these materials. Initial results
were obtained at 289'C in ' water that contained =6-8 ppm and <5 ppb DO, load ratios of 0.2,
0.6, and 0.9, and Kmax of 31-33 MPa ml/2 Crack growth behavior of the two materials is

'

quite similar under the conditions in these experiments. In water that contained <5 ppb DO,
CGRs at 289 and 320'C were similar. At a load ratio of 0.6, CGRs are not dependent on DO,
which is indicative of a strong contribution of cyclic loading to the rates. At a higher load ratio
of 0.9, CGRs decreased as DO concentration decreased at 289 and 320'C. In all cases, CGRs
of both materials were near or below the "alr" curve for austenitic SSs.

t

Several tests were conducted at 320 C in lip water that contained <5 ppb DO and =0,2.2
and 53 cm kg-1 dissolved hydrogen. At a load ratio of 0.9. CGRs of both specimens were low3

3 Il kg-1 1120 did(0.5-1.3 x 10-11 m s-1) and dissolved hydrogen over the range of =2-53 cm 2

not influence the rates at a Kmax of-34 MPa ml/2 In contrast to results at lower load ratios
(i.e.,50.6), CGRs of Alloy 600 were greater than those of Alloy 690 by factors of =2-5.

CGRs of Mill-Annealed AUoy 600 and Thermally Treated Alloy 690 in
Simulated PWR Water at 259 and 320*C

The influence of dissolved hydrogen in simulated PWR water on CGRs of Alloy 600 and
690 specimens at 289 and 320 C was determined in another series of experiments. The water
contained 450 ppm B, 2.25 ppm I,1, <2 ppb DO, and =3-58 cm3 li kg-l 1120. Tests were2

conducted at a load ratio of 0.8 and Kmax in the range of =30-41 MPa ml/2 CGRs decreased
slightly as dissolved hydrogen concentration was increased from 3 to 58 cm3 kg-1 At both
temperatures, and under these water chemistry and loading conditions, the CGR of Alloy 690
was higher by a factor of =3 than the CGR of Alloy 600.

CGRs decrease significantly as load ratio increases in both HP and simulated PWR water
environments. At load ratios s0.8, it appears that CGRs of the Alloy 690 specimens are
slightly higher than those of Alloy 600; however, at a load ratio of 0.9 the CGRs of the alloys
are similar. Crack growth experiments will be conducted at higher load ratios, including
constant load (R = 1.0), to determine whether Alloy 690 exhibits lower rates than Alloy 600 at
higher R values,

l

NUREG/CR-6383 x
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1 Introduction

The objective of this work is to evaluate and compare the resistance of Alloys 600 and 690
to environmentally assisted cracking (EAC) in simulated light water reactor (LWR) coolant

i environments. High-nickel alloys have experienced general corrosion (tube wall thinning),
localized intergranular attack (lGA), and stress corrosion cracking (SCC) in LWRs. Secondary-

| side IGA * and axial and circumferential SCC ** have occurred in Alloy 600 tube i at tube
| support plates in many steam generators. Primary-water stress corrosion cracking (PWSCC)
j of Alloy 600 steam generator tubes in pressurized water reactors (PWRs) at roll tranntions and
| U-bends and in tube plugs *** is a widespread problem that has been studied intensively.

Cracking has also occurred in Alloy 600 and other high-nickel alloys (e.g., incoael-82 and
-182 and Alloy X750) that are used in applications such as (a) instrument nozzles and heater
thennat sleeves in the pressurizert and penetrations for control-rod drive mechanisms in
reactor vessel closure heads in the primary system of PWRstt and (b) in dissimilar-metal
welds between SS piping and low-alloy steel nozzles. In jet pump hold-down beams,ttt and in

ashroud-support-access-hole covers in boiling water reactors (BWRs). Alloy 600, in general,
i undergoes different thermomechanical processing for applications other than those used for

steam generator tubes. Because environmental degradation of the alloys in many cases is very
sensitive to processing, further evaluation of even SCC is needed. In addition, experience
strongly suggests that materials that are susceptible to SCC are also susceptible to
environmental degradation of fatigue life and fatigue-crack growth properties.

In this investigation, we have obtained preliminary information on the effect of
temperature, load ratio R and stress intensity (K) on EAC of Alloys 600 and 690 in simulated
BWR and PWR water. Crack growth rates (CGRs) of these materials have been compared with
those of Type 316NG and sensitized Type 304 SS under conditions where EAC occurs in all of
the materials.

*USNRC Information Notice No. 91-67, " Problems with the Reliable Detection of Intergranular Attack (IGAl of
Steam Generator Tubing." October 1991.

**USNRC Information Notice No. 90-49 " Stress Corrosion Cracking in PWR Steam Generator Tubes " August
1990; Notice No. 91-43. "Recent Incidents Invohing Rapid Increases in Primary-to-Secondary Leak Rate."
July 1991: Notice No. 92-80 " Operation with Steam Generator Tubes Seriously Degraded." December 1992;
Notice No. 94-05. " Potential Failure of Steam Generator Tubes with Kinetically Welded Sleeves." January
1994.

***USNRC Information Notice No. 89-33. " Potential Failure of Westinghouse Steam Generator Tube Mectanical
Plugs." March 1989; Notice No. 89-65, " Potential for Stress Corrosion Cracking in Steam Generator Tube
Plugs Supplied by Babcock and Wilcox." September 1989; Notice No. 94-87. " Unanticipated Crael. In a

| Particular Heat of Alloy 600 Used for Westinghouse Mechanical Plugs for Steam Generator Tuben "
December 1994.
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2 Material Characterization

The various heats of Alloys 600 and 690 that were obtained for corrosion-fatigue testing
were characterized. The heat identification numbers, product form, and source of materials

.

for fabrication of IT compact tension (lTCT) specimens are given in Table 1. I
1
1

Table 1. Productform and source ofAlloys 600 and 690

Material IIeat No. Material Condition Product l'orm Source

600 NX8844B-33 Annealed 872 C/1 h 1.0-in.-thick plate EPRIa

600 J422 Mill Annealed IT-CT specimens Metal Samples Co.

600 NX8197 Mill Annealed 1.0-in.-thick plate A. M. Castle & Co.

600 NX8844J-26 Annealed 1038'C/1 h 1.0-in.-thick plate EPRI

600 NX8844G-3 Ilot Worked 982*C. 1.0-in.-thick plate EPRI
20% Reduction

690 NX866211G-33 Annealed + 715 C/5 u 1.34-in.-thick plate INCO Alloys Intl., Inc.

690 NX8625flG-21 Annealed + 715*C/5 h 1.34-in.-thick plate EPRI

690 NX8244 flK-1 A Annealed 982 C/l h 1.0-in.-thick plate EPRI

690 NX8244HK-1 B Annealed 1093 C/l h 1.0-in.-thick plate EPRI

aNumerous heats of Alloys 600 and 690 were fabricated by INCO Alloys International. Inc., iluntington, WV,
for the Electric Power Research Institute (EPRI), Palo Alto. CA which provided materials for this study. j

|

The composition of the materials is given in Tables 2 and 3. The tensile properties of
cylindrical specimens in air at 25,290, and 320 C and at a strain rate of 1.0 x 104 s-1 were !

determined in accordance with ASTM Standard E8. Vickers hardness was measured at room
temperature, and average grain size of the various heats of Alloys 600 and 690 was
determined by following the procedure in ASTM Standard El12. The results for Alloys 600
and 690 are given in Tables 4 and 5, respectively. Properties obtained from certified material
test reports (CMTRs) supplied by the vendors or documentation obtained from the EPRI are
also included in Tables 4 and 5. Data for annealed specimens tend to follow a Petch
relationship, i.e., oy = ci + k d-l/2, where oy s the yield stress; d, the grain diameter; k, ani
emperical constant; and ci, the " friction' stress, which is a measure of intrinsic resistance of
the material to dislocation motion. The dependence of the yield stress of annealed Alloy 600
(Ileat NX8844) and 690 (lleat NX824411K) specimens on average grain size at 25, 290, and
320 C is shown in Fig.1. The relationship between ASTM grain size and average grain
diameter is shown in Fig. 2. Photomicrographs that were used to determine the grain size of
the various heats of Alloys 600 and 690 are shown in Figs. 3 and 4. respectively.

A small section of each material was used to prepare metallographic specimens to
qualitatively determine the degree of grain boundary carbide coverage by optical
metallography. Specimens were polished to a 0.25- m diamond finish with Struers DP-Spray,
and a Vickers hardness indentation was made to provide a reference point for subsequent
examination to reveal the carbide distribution and grain boundaries after two chemical etching
methods. The specimens were electroetched in a 10% II PO4 solution at -10 V for =25 s,3
rinsed in ethanol, and air dried. Photomicrographs obtained at 500X magnification reveal

l
|
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Table 2. Composition of Alloy 600 heats used for corrosion fatigue tests
Composition (wt.%)Material lleat

Cr Mo Ni Fe Mn St C N P S B Cu Ti Al Co Nb+TaNo. Analysis

Alloy 600 J422 Vendor 15.36 - 75.72 7.51 0.21 0.32 0.080 - 0.008 < 0.001 - 0.15 0.24 0.28 0.05 0.07

ANL 15.37 0.23 76.36 7.27 0.20 0.32 0.080 0.0145 0.016 0.004 0.002 0.15 0.16 0.27 0.06 0.06

Alloy 600 NX8197 Vendor 15.88 - 75.05 7.76 0.22 0.23 0.080 - 0.006 0.002 - 0.12 0.27 0.26 0.05 0.07

ANL 15.43 0.58 73.82 9.20 0.20 0.27 0.080 0.0099 0.016 0.002 0.002 0.11 0.18 0.24 0.06 0.05

Alloy 600 NX8844 Vendor 14.97 0.15 75.21 8.26 0.26 0.24 0.069 0.01 0.009 <0.001 0.004 0.22 0.29 0.27 0.04 -

NX8844B-33 ANL 15.03 0.17 75.16 7.93 0.24 0.27 0.080 0.0146 0.019 0.001 0.003 0.22 0.21 0.28 0.04 0.04

NX8844J-26 ANL 15.00 0.16 74.94 8.14 0.23 0.32 0.060 0.0155 0.014 0.002 0.004 0.22 0.24 0.24 0.03 0.03

NX8844G-3 ANL 15.14 0. l G 74.78 8.28 0.23 0.35 0.070 0.0145 0.015 0.002 0.005 0.22 0.25 0.25 0.04 0.04

o

Table 3. Composition of Alloy 690 heats usedfor corrosionfatigue tests

Material IIcat Composition (wt.%)

No. Analysis Cr Mo Ni Fe Mn Si C N P S B Cu Ti Al Co Nb+Ta

Alloy 690 NX866211G-33 Vendor 30.25 - 59.31 9.54 0.10 0.16 0.030 0.050 0.008 <0.001 0.004 0.04 0.28 0.33 0.022 -

ANL 30.46 0.04 58.88 9.22 0.I1 0. I 6 0.030 0.047 0.017 0.001 0.003 0.05 0.25 0.32 0.020 0.01
!
>

Alloy 690 NX8625HG-21 Vendor 30.28 - 58.56 10.00 0.11 0.26 0.027 0.030 0.009 <0.001 0.004 0.06 0.32 0.44 0.036 -

ANL 30.64 0.02 58.10 9.84 0.12 0.32 0.030 0.029 0.009 0.002 0.004 0.01 0.28 0.39 0.030 <0.01

Alloy 690 NX8244HK Vendor 30.03 - 59.85 9.20 0.20 0. I 4 0.018 0.01 0.004 <0.001 0.002 <0.01 0.20 0.36 0.003 -

NX8244tIK-I A ANL 30.66 <0.01 59.09 9.22 0.20 0.18 0.024 0.010 0.004 0.002 0.002 <0.01 0.20 0.31 <0.01 <0.01

NX8244IIK-1B ANL 30.64 <0.01 59.20 9.I9 0.21 0. I 8 0.023 0.011 0.005 0.002 0.002 <0.01 0. I 9 0.32 <0.01 <0.01
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Table 4. Tensile properties of Alloy 600 under various heat treatment conditions
Alloy 600 Material Condition Test Spec. Temp., ou. oy. tr. RA. liardness.a liardness. ASTM
Heat No. No. No. *C MPa MPa % % VN. Rb Grain Size

NX8844B-33 Annealed 872*C/l h _b _b 25 748.8 339.9 35.5 - - 90 7.5

NX8844 B-33 Annealed 872'C/l h T19 B33-05 25 714.9 333.2 39.6 66.9 91 - 8

NX8844 B-33 Annected 872*C/l h T8 B33-03c 290 686.1 282.6 38.6 61.1 - - -

NX8844 B-33 Annealed 872"C/l h T10 B33-04c 320 680.6 282.6 39.1 55.5 - - -

J422 Mill Annealed b _b 25 722.6 273.0 40.0 - - 87 -

J422 Mill Annealed T20 IN-05c 25 732.8 370.7 39.2 64.5 93 - 7

J422 Mill Annealed T9 IN-03c 290 699.4 313.7 40.1 53.5 - - -

J422 Mill Annealed Tl1 IN-04c 320 697.9 311.3 39.0 53.9 - - -

NX8197 Mill Annealed b _b 25 683.3 256.5 42.0 - - 81 -

NX8197 Mill Annealed T7 197-04c 25 683.9 373.6 42.2 64.4 90 - 6

A NX8197 Mill Annealed T12 197-05c 25 685.4 392.8 41.6 64.9 - - -

NX8197 Mill Annealed T3 197-02c 290 668.1 316.9 46.8 62.2 - - -

NX8197 Mill Annealed T5 197-03c 320 656.8 327.4 42.4 60.5 - - -

NX8844J-26 Annealed 1038'C/1 h b b 25 694.3 298.6 41.0 - - 86 4

NX8844J-26 Annealed 1038*C/l h T21 J26-05 25 653.5 245.5 49.2 61.1 87 - 4
dNX8844J-26 Annealed 1038 C/1 h T23 J26-06 290 637.8 234.0 45.2 53.3 - - -

NX8844J-26 Annealed 1038*C/l h T25 J26-07 320 639.4 246.8 45.8 48.9 - - -

NX8844G-3 Ilot Worked 982*C. b b 25 697.8 355.1 38.5 - - 85 2.5
20% Reduction

NX8844G-3 Ilot Worked 982*C. T13 G3-05e 25 666.4 335.3 43.5 56.9 90 - 2
20% Reduction

NX8844G-3 Hot Worked 982*C. TIS G3-06c 290 630.1 292.2 44.1 53.5 - - -

20% Reduction

NX8844G-3 Hot Worked 982T. T17 G3-07c 320 630.3 297.0 44.9 54.9 - - -

20% Reduction
aVickers hardness at room temperature. 500 gf.15 s.
bResults from vendor (EPRI document or CMTRsh
CTensile tests conducted in air at a strain rate of 1.0 x 10-4 s-l.

. _ . - - -
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Table 5. Tensile properties of Alloy 690 under various heat treatment conditions
2

Alloy 690 Material Condition Test Spec. Temp.. ou. oy, tr. RA. liardness.a liardness. ASTM

11 eat No. No. No. *C MPa MPa % % VN Rb Grain Size
*

NX866211G-33 Annealed + 715*C/5 h b b 25 670.2 291.7 43.5 - - 82 5

NX86G211G-33 Annealed + 715*C/5 h T6 IIG-03c 25 683.8 292.1 48.7 63.2 96 - 5

NX8662 }iG-33 Annealed + 715'C/5 h T2 IIG-Ole 290 601.2 237.1 49.7 61.6 - - -

NX8662ilG-33 Annealed + 715*C/5 h T4 ffG-02c 320 598.8 232.3 50.7 62.8 - - - [

NX862511G-21 Annealed + 715*C/5 h b b 25 660.5 268.9 48.0 - - 82 4

NX862511G-21 Annealed + 715*C/5 h T27 G21-03c 25 641.8 297.0 56.4 75.2 86 - 5

NX862511G-21 Annealed + 715*C/5 h T28 G21-04c 290 570.9 225.2 56.0 58.8 - - -

NX862511G-21 Annealed + 715*C/5 h T29 G21-06c 320 567.8 220.4 56.9 61.3 - - -

NX8244ItK-1 A Annealed 982"C/1 h b b 25 665.0 245.2 51.0 - - 78 -

,

NX8244 }IK-I A Annealed 982*C/l h T14 KI A-03c 25 647.7 256.3 56.9 75.2 82 - 5
"

NX824411K-1 A Annealed 982*C/l h T16 KIA-04c 290 569.8 195.4 58.5 71.8 - - -

NX824411K-1 A Annealed 982*C/l h T18 KI A-05c 320 572.2 196.4 58.2 71.7 - - - |

NX8244 tIK-1B Annealed 1093*C/l h b _b 25 602.8 212.3 59.0 - - 70 -

'

NX8244fiK-1B Annealed 1093T/1 h T22 KlB-05c 25 5912 215.6 70.5 71.6 80 - 2

NX824411K-IB Annealed 1093*C/l h T24 KIB-06c 290 504.9 145.2 70.6 68.1 - - -

NX824411K-1B Annealed IO93*C/l h T26 KiB-07c 320 499.4 150.9 67.1 67.3 - - -

aVickers hardness at room temperature. 500 gf.15 s.
bResults from vendor (EPRI document).

4 s-l. *
Tensile tests conducted in air at a strain rate of 1.0 x 10

f
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that carbides were the predominant phase present in the specimens. The specimens were
repolished with 1.0 and 0.25-pm diamond spray, electroetched in a 5% nital solution (5 mL of
HNO3 in 100 mL ethanol) at -10 V for =35 s rinsed in ethanol, and air dried. The same
locations on the specimens were photographed once again at a magnification of 500X, with the
aid of the hardness indentation, to better reveal grain boundaries and obtain a qualitative
estimate of the extent of carbide precipitation thereon.

Photomicrographs of the five heats of Alloy 600 (=0.06 wt.% carbon) in Figs. 5-9 indicate
either semicontinuous or continuous carbide precipitation at the grain boundaries and a
significant amount of intragranular carbide. Photomicrographs of the four heats of Alloy 690
(=0.03 wt.% carbon) in Figs.10-13 reveal continuous precipitation of carbides at the grain
boundaries, with relatively few intragranular carbides. The precipitate phases present in
Alloys 600 and 690 are Cr-rich M7C3 and M23Co carbides and Ti(C.N) carbonitrides.3-3 in
general, the microstructures are ccnsistent with the thermomechanical processing histories
and carbon concentrations vis-a'-vis the solubility of carbon in the materials (Fig.14).4
Namely, according to these carbon solubility data, none of the materials was annealed at a
temperature high enough to dissolve all of the carbon in the grain matrix (Alloy 690, >1200*C
and Alloy 600,>1080 C): consequently, carbides are present on grain boundaries as well as
within the grains, in particular, Alloy 600, which contains =0.06 wt.% carbon.

NUREG/CR-6383 6
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3 Fracture-Mechanics Crack Growth Tests on Alloys 600 and 690
in Simulated LWR Environments

Crack growth experiments were performed on several sets of ITCT specimens of Alloys
600 and 690 to explore the effects of temperature, load ratio, stress intensity, and water
chemistry; namely dissolved-oxygen (DO) and -hydrogen concentrations, lonic impurities (e.g.,
chromate and sulfate), and two organic amines on CGRs. In this investigation, the orientation
of the crack plane in the specimens corresponds to IcT identification code for plates in ASTM
Specification E 399. In initial experiments, CGRs of mill-annealed Alloy 600 were compared
with those of sensitized Type 304 SS. Subsequently, experiments were performed on Alloy 600
and 690 specimens in high-purity (llP) water that contained a wide range of DO (=0.001-
8 ppm) and hydrogen (-0-58 cm3 Il2 kg-l 11 0). Experiments were also performed in2

simulated PWR primary-system water that contained 450 ppm boron and 2.25 ppm lithium
(added to the feedwater as 11 B0 and L10ll),3-58 cma ll2 kg-1 II20, al ppb DO, and 750 ppb3 3

hydrazine. liydrazine was added to feedwater to scavenge residual DO to a very low level:
however, it raised conductivity from =25 to 42 pS cm-1 In these experiments, the role of
11 B0 LiOll, and dissolved hydrogen in crack growth was investigated vis-a-vis 11P3 3

deoxygenated water. Temperature and dissolved-hydrogen concentration in water influence
the stability of NIO on nickel-base alloys and conceivably could influence EAC of the alloys if a
slip-dissolution or slip-oxidation mechanism for crack propagation was operative. CGRs of
Alloys 600 and 690 were compared with values for wrought SSs in air, predicted by the ASME
Code Section XI correlation at the Kmax and load ratio values for the specimens in the various
tests and by an Argonne Natioinal Laboratory (ANL) model for crack growth in waters that was
modified (see Section 3.5) to account for aqueous environments that contain <0.2 ppm DO.
On the basis of these scoping experiments, experimental conditions will be refined to further
explore the effects of alloy heat treatment, temperature, water chemistry, and loading
conditions on the EAC of the materials.

3.1 Comparison of CGRs of Sensitized Type 304 SS and Mill-Annealed Alloy
600 in Oxygenated Water

A fracture-mechanics CGR experiment was conducted on mill-annealed Alloy 600 and two
sensitized Type 304 SS specimens in simulated BWR water IF contained 0.2 ppm DO at
conductivities in the range of =0.08 to 8.3 S cm-1. Thirteen te s were performed on a set of
three specimens during an a7900 h period to compare CGR behavior of mill-annealed Alloy
600 (lleat No. J422) with that of sensitized Type 304 SS (electrochemical potentiokinetic
reactivation (EPR) values of 6 and 17 Coulombs cm-2) in llP water and in water that contained
sulfate and chromate impurities at low concentrations at 289'C,6 The effect of two amines
(2-butanone-oxime and ethanolamine) at low concentrations (1-5 ppm) on the CGR of the
materials in oxygenated water was also investigated. The test conditions and experimental
results are shown in Table 6. Most of the results were obtained at a load ratio R of 0.95 and a
range of Kmax values between 28 and 41 MPa ml/2 Load ratios of 0.6 and 0.8 were used in
two of the tests. The frequency and rise time of the positive sawtooth wave form were
0.077 liz and 12 s, respectively.

Experimental CGR data (a) for the three specimens are plotted in Fig.15 vs. CGRs for
wrought SSs in air (aw). predicted by the ASME Code Section XI correlation at the Kmax and

NUREG/CR-6383 12
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Table 6. Crack growth resultsfor Alloy 600 and sensitizeda Type 304 SS specintens under trigit-R loadingb in HP o ygenated
water and in wjt genated water titat contained chromate sulfate. 2-butanone-axtme, or ethanolamine at 289'C

water Chemistry e Electrode Potential Material (Sensitization. EPR)

Test Test Chromate Sulfate Other cond. pH at toad Alloy 600 304 SS (6 Ccm-2) 304 SS (17 C cm-2;

No. Time. Conc..d Conc..d Conc., at 25'C. 25"C 304 SS Pt Ratio Kma7. AK.f Rate. Kma/. a K.i Rate. K ma/. AKf Rate;

h ppb ppb ppm pSc nr3 mVtS!!El M Pa -ml/2 10-10 m s-1 MPa ml /2 10-10 m .s-1 MPa ml/2 10.lom -s-3 [

l SM- - - - 0 09 6.24 60 98 0.95 28.0 1.40 0.10 30.4 1.52 3.1 30.7 1.54 3.7

1190
2 1190- - - - 0 08 6.31 65 99 0.80 28.1 5.62 0.70 30.7 6.14 6.7 31.1 6.22 6.2 6

1232
'

3 1318- - - - 0 08 6.31 53 H4 0 60 28.4 11.36 27.0 31.2 12.48 19.0 31.4 12.56 11.0

1344
4 1390- 50 - - O.25 6 07 61 59 0.95 28.5 1.43 0.17 31.4 1.57 2.2 31.8 1.59 2.3

1910 g

5 1918- 200 - - 0.74 5 64 64 32 0 95 28.7 1.44 o.078 32.4 1.62 1.4 32.8 1.64 1.9 |

2380

6 2385- 50 15 - O.42 6.03 71 13 0.95 29.5 1.48 3.4 33.4 1.67 1.1 33.8 1.69 1.9

3162

7 3170- 50 25 - 0.47 5.93 76 37 O 95 30.6 1.53 3.3 34.2 1.71 1.4 34.3 1.72 1.2

3832-

Q 8 3865- 50 100 - 1.05 5.63 94 I O.95 31.3 1.57 2.0 35.1 1.76 3.7 35.1 1.76 2.9

4323
9 4395- 50 - - 0.27 6.11 53 -23 0 95 32.0 1.60 1.5 35.5 1.78 0.28 35.3 1.77 0.14

5175 7

10 5770- - - 10g 0 08 6.23 139 166 0 95 33.8 1.69 1.4 37.5 1.88 28 36.9 1.85 2.0 i

6475

II 6490- - - 5.0 E 0.OM 6.41 163 235 O.95 34.6 1.73 1.8 39.5 1.98 4.6 38.8 I.94 4.5

r7050

12 7075- - - - 0 08 6.27 105 160 0 95 34.8 1.74 0.90 40.1 2.00 1.1 38.8 1.94 -O
,

7675

13 7770- - - SOh 8.3 9.60 -3 -221 0.95 35.5 1.78 3.0 41.4 2.07 7.5 39.1 1.96 3.9

7910

a Compact-tension specimens (lTCT) of Alloy tiOO (tieat No. J422) and 'lype 301 SS (licat No.10285). The Alloy (300 specimen (No. IN-1) was tested in the
as-received mill-annealed condition. The Type 3Gt SS specimens (IIcat No.10285) received a solution-anneal heat treatment at 1050*C for 0.5 h.
Specimen No. C34 was sensitized at 650''C for 2 h (EPR = 6 C cm-2) and Specimen No. C35 at 650 C for 8 h (EPR = 17 C cm-2),

b Frequency and rise time of the positive sawtooth waveform were 8 x 10-2 IIz and 12 s, respectively.
c Ellluent DO concentration was -200-300 ppb: feedwater oxygen concentration was higher by a factor of 3 to compensate for oxygen depletion by corrosion Of

the autoclave system.
dChromate and sulfate were added to the feedwater as acids: average effluent chromate concentrations were -23 and 59 ppb for feedwater levels of 50 and 200

'

ppb on the basis of colorimetric analyses of grab samples.
e Stress intensity Kmax values at the end of the time period.
I AK = Kmax(1-R). where load ratio R = Kmin /Kmax.
A 2-butanone-exime was added to the oxygenated feedwater.

!h Ethanolamine was added to the oxygenated feedwater.
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load ratio values for the specimens in the various tests. Data for all of the materials are
bounded by the two curves.

The dependence of CGRs of Alloy 600 on Kmax at a load ratio R of 0.95 is shown in
Figs.16 together with predictions for austenitic SSs in water from the ANL model and the
ASME Code in air. Several data points lie near the air line predicted by the ASME Code, i.e.,
the rates are not environmentally enhanced. The results suggest a threshold Kmax for EAC of
=26 MPa ml/2 at an R of 0.95, i.e., CGRs at higher Kmax lie signillcantly above the air line.

To illustrate the relative effect of simulated BWR water (=0.2 ppm DO) on EAC of Alloy 600
and sensitized Type 304 SS, the CGRs of Alloy 600 are plotted vs. the rates for the SS
specimens under the same environmental and loading conditions in each test (Fig.17). A data
set in which the CGR of any of the three specimens was near the air line in Figs.15 and 16
was omitted from the plot. A valid comparison of environmental etTects on CGRs of the two
materials can be made only when the specimens exhibit some degree of enhancement in the
rates. Furthermore, CGRs of s3 x 10-11 m s-1 (near the air line in Figs.15 and 16) are based
on small changes in crack length that are near the sensitivity of the DC potential-drop crack-
length monitoring system, namely,5 x 10-5 m, divided by the test times of =500-800 h. This
can lead to a large uncertainty when comparing rates in this range. The results in
Fig.17 indicate that the CGR of mill-annealed Alloy 600 and sensitized Type 304 SS is
virtually the same in simulated BWR water under the conditions in these tests.

10*;
: 287C Moy-600

10'7 r n . 0 96 (W MneaW)
: 1 12 s Fiqure IG.

'O
f w =o2 m Dependence of CGR of mill-annealed Alloy

'
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E., 10% * * * *j A ' at 289^C. Dashed and solid lines represent,

5 10~" ' ^C predictions of ANL modelfor austenitic SSs in," ,

* ~
, 9 ,2 water with 0.2 ppm DO and ASME Code

i prediction in air, respectively, at an R value
' O ,, ' '

of 0.95 and rise time of 12 s.
10*p " " Q -

$0
K, (MPa- m")
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The effect of water chemisty on CGRs of the materials at a load ratio of 0.95 was explored
in Tests 4-13 listed in Table 6. Additions of 50 and 200 ppb chromate to feedwater produced
modest decreases in the CGR of sensitized SS specimens (Tests 1,4, and 5). At a load ratio of
0.95, CGRs of the Alloy 600 specimen were lower than those of the SS specimens by a factor of

| =10 and were not influenced by 50-200 ppb chromate in oxygenated water. In Tests 6-8,15,
25, and 100 ppb sulfate was added to water that contained 50 ppb chromate and =200 ppb

| DO. CGRs of the sensitized Type 304 SS specimens increased by, at most, a factor of =3. The
CGR of the Alloy 600 specimen increased from =8 x 10-12 to =3 x 10-10 m s-1 whenl5 ppb'

| sulfate was added to the feedwater (Test 6), but the rate did not increase with 25 and 100 ppb

i sulfate. When sulfate was no longer added to oxygenated feedwater that contained 50 ppb
| chromate (Test 9), the CGRs of both sensitized Type 304 SS specimens decreased by a factor of

10 to -1-3 x 10-10 m s-1; the CGR of the Alloy 600 specimen remained constant at -1 x 10-10
,

m s-1 In the last series of experiments (Tests 10-13), chromate was not added to the i

feedwater and the effect of I and 5 ppm of 2-butanone-oxime or ethanolamine in water that
contained =200 ppb DO was investigated. Under these water chemistry conditions, CGRs of
the SS specimens increased to their previous values of =2-4 x 10-10 m s-1, and once again, the
Alloy 600 specimen did not respond to changes in water chemistry. These amines at
concentrations of 1-5 ppm were neither beneficial nor deleterious to CGRs of the specimens.

Thus, additions of small amounts of chromate, sulfate, and the two amines to oxygenated
feedwater produced small but measurable changes in CGRs of sensitized SS specimens but
had virtually no effect on CGRs of the mill-annealed Alloy 600 specimen. If the effects of these
species in oxygenated water are neglected, average CGRs of the Alloy 600 and sensitized Type
304 SS (EPR = 6 and 17 C cm2) specimens are 2.16 x 10-10,2.65 x 10-10, and 2.22 x 10-30
m s-1, respectively, when R = 0.95 and Kmax >30 MPa ml/2 These values, i.e., =2 x 10-10
m s-1, are consistent with numerous determinations of EAC of sensitized Type 304 and
nonsensitized Type 316NG SS specimens in oxygenated water at 289'C under similar loading
conditions.7 We have observed that different materials, e.g., mill-annealed Alloy 600,
sensitized Type 304, nonsensitized Type 316NG, and CF-3, CF-8, and CF-8M grades of cast

|

SSs,8 exhibit similar CGRs in oxygenated water despite significant differences in material
;

chemistry and microstructure. The fact that these materials exhibit different modes of crack
' propagation, albeit at nominally the same rate, i.e., sensitized SSs and low-carbon nuclear

grade SSs exhibit intergranular and transgranular modes, respectively, whereas cracks in cast
grades of austenitic SSs propagate along austenite/ ferrite grain boundaries, suggests that the
rate of crack propagation is controlled by the rate of cathodic reduction of DO, with a
concomitant anodic dissolution process at the crack tip.

|
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3.2 Comparison of CGRs of Mill-Annealed Alloy 600, Sensitized Type 304 SS, and
Type 316NG SS in Oxygenated Water and in Simulated PWR Water

CGRs of mill-annealed Alloy 600 (Heat No. J422), Type 31GNG, and sensitized Type 304
SS (EPR = 20 C-cm-2) were determined at high load ratios in simulated PWR water at 289 C.
Initial tests were conducted in water that contained 450 ppm boron and 2.25 ppm lithium
(added to the feedwater as H 00 and LIOH),4.1 cm3 H2 kg4 H 0, =1 ppb DO, and 750 ppb3 3 2

hydrazine. Room-temperature pH and conductivity were =7.2 and 42 S cm-1, respectively.
Hydrazine was added to the feedwater to scavenge residual DO to a very low level: however, it
raised conductivity from =25 to 42 pS c m-1 Efiluent DO and dissolved hydrogen
concentrations were determined by Orbisphere oxygen and hydrogen meters. The Alloy 600
specimen was mill annealed and the Type 31GNG and 304 SS specimens were solution
annealed at 1050 C for 0.5 h and given sensitization heat treatments at G50 C for 24 h (EPR =
0 C cm-2) and at 700 C for 12 h (EPR = 20 C cm-2), respectively. CGRs were determined by
the DC potential-drop method.

The usual technique to initiate fatigue cracks in specimens at 289 C in a test
environment where Kmax is 20 MPa ml/2, load ratio is 0.2, and frequency is 10 Hz was
successful for the SS specimens, but a fatigue crack did not initiate in the Alloy 600 specimen.
In an attempt to initiate a crack in the latter specimen, the Kmax and load ratio were increased
to 30 MPa ml/2 and 0.8 respectively. Under these conditions, CGRs of the Type 31GNG and
304 SS specimens were -3.0 x 10-10 and 2.3 x 10-9 m s-1, respectively, but once again, no
crack growth occurred in the Alloy 600 specimen (Test 1 in Table 7). Because of the high
CGRs of the SS specimens, the load ratio was increased from 0.8 to 0.9 in the next test.
Under this condition, crack growth occurred in the Alloy 600 specimen, but the DC potential-
drop measurements indicated small negative CGRs for both SS specimens. Although we could
not identify the origin of the problem, we have never encountered this behavior in tests in
simulated BWR water. Consequently, the water chemistry was changed from simulated
primary PWR water to HP water that contained =G ppm DO for a series of tests at load ratios
between 0/2 and 1.0 (Tests 3-8 in Table 7). In this environment, CGRs were determined for
the three specimens. Then, another attempt was made to determine CGRs in simulated PWR
water by the DC potential-drop method in Tests 9 and 10. Once again, data for one of the SS

,

specimens became erratic but results for the other and the Alloy 600 specimen exhibited J
normal variability. In the last test (No.10), the hydrogen concentration was increased from

|
-4 to 45 cm3 kg-1 to determine its effect on the CGR of the Alloy 600 specimen at a load ratto '

of 0.8 and a Kmax of =31 MPa ml/2 This hydrogen concentration decreased the CGR of the
Alloy 600 specimen by a factor of =40 and increased by 45% the CGR of the Type 31GNG SS
specimen. The experiment was terminated and the system was reconfigured to utilize the )
crack-opening-displacement (COD) compliance technique for crack length measurements on
specimens of Alloys 600 and 690 in simulated PWR water with a range of hydrogen
concentrations.

|Experimental CGR data for the Alloy 600 and Type 304 and 31GNG SS specimens in HP
water that contained =G ppm DO are plotted in Fig.18 vs. CGRs predicted for wrought SSs in
air by the ASME Code Section XI correlation at the Kmax and load ratio values for the
specimens in the various tests. With the exception of one data point for Alloy 600, the results
are bounded by the two curves.

NUREG/CR-6383 16
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Table 7. Crack growth resultsfor Alloy 600. Type 316NG, and sensitizeda Djpe 304 SS specimens in simulated PWR and HP
oxi genated water at 289'Cj

water Chemtstry
Matenal Sensattration

Test Test D' I_i Hf 0c Cond. pH at elm trade IMtential load Allov 600 316NG SS 304 Ss (20 C cm-2)
b

2

No. Time. Conc.. Cone.. Conc., Conc.. at 25"C. 25*C 304 SS Alloy 600 Ranod K e. AK.f Rate. Kn. AK.f Rate, K .,e. AK.f Rate.
.

e
h ppm ppm cc k g-l ppm pS em-t mVISHEl MPa ml/2 3 0-10 m sd MPa ml/2 to-s o m s-8 MPa m 1/2 10-10 m s4

1 74- 450 2.25 4.1 0.001 41.7 7.23 -d66 -6b8 0.M 29 4 5.h6 -b 30.3 6.06 2.97 31.0 6.20 22.9 l

1

113

2 118- 450 2.25 4.1 0.0014 41.7 7.27 -731 -693 0.9 29.4 2.94 0.96 30.3 3.03 h 31.0 3.10 h230
3 304- O o O 6.0 0.07 6.09 122 45 0.8 31.7 6.34 2.67 30.4 6.08 15.8 32.3 6.46 43 5327
4 335- 0 0 0 6.0 0.0/ 6.09 122 45 1.0 5.8 0 h 56 0 0.27 6.0 0 2.95397
5 409- 0 0 0 5.8 0.07 6.09 128 48 1.0 15.8 9 0.48 15.5 0 0 72 16.5 0 2.13422
6 471- O O O 5. 8 0.07 6.09 142 53 0.5 31.7 15.85 2.37 32.0 16.00 189.0 33 6 16 80 95.0481
7 495- 0 0 0 5.8 0.07 6.09 142 53 0.2 33.I 26 48 98.0 39 2 31.36 399 0 40.5 32.40 361.O50
8 504- O O O 5.2 0.07 6.09 142 55 0.8 32.7 6.54 5.72 38 9 7.78 13 4 40.3 8 06 22.8545

h 9 640- 450 2.25 4.0 0.001s 38.5 7.55 -748 -766 0. 8 S3. 7 6.14 16 0 39.7 7.94 31.0 - - 8688
10 718- 450 2.25 45.3 0.001 41 6 7.31 -783 -315 08 30.7 6.14 0,36 42.5 8.50 45.0 - - 2788

3 Compact tension specimens (lTCD of Alloy 600 (Heat No. J422). Type 31 ting (Heat No 13196) and Type 344 SS (tieat NO 30956). . . . 'Ihe Alloy 600 specimen
(No. IN-2) was tested in the as-received mill-annealed condition. Type 316NG and 304 SS specimens (NOs.198-2 and 37. respectively) received a solution-
anneal heat treatment at 1050 C for 0.5 h and were given sensitization heat treatments at 650 C for 24h (EPR = -O C cm-2, No.198-2) and at 700"C for 12h(EPR = 20 C.cm-2, No. 37).

b
Boron and lithium were added 10 the feedwater as 11 B03 and LiOll.3

c Efiluent dissolved hydrogen and DO concentrations were determined with Orbisphere hydrogen and oxygen meters.d
Frequency and rise time of the positive sawtooth waveform were 8 x 10-2 IIz and 12 s. respectively, at load ratio values of <l.0.

e Stress intensity Kmax values at the end of the time period.
I AK = Kmax(l-R), where load ratio R = Kmin/Kmax-
2 Effluent DO concentration was =l ppb: -750 ppb hydrazine was added to deoxygenated feedwater tO scavenge residual DO.h Crack length measured by the DC potential-<lrop method indicated small negative CGRs.
l'Ihe DC potential-<! rop method indicated cratic large negative CGRs.

_ . . . . . . . . . . _ ._
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Figure 19 shows experimental CGR data for the Alloy 600 and Type 304 and 316NG SS
specimens in simulated PWR primary-system water that contained =1 ppb DO versus CGRs
predicted for wrought SSs in air by the ASME Section XI correlation at the Krnax and load ratio
values for the specimens in the various tests. The dashed line represents the ANL model
prediction for crack growth in water that contains =1 ppb DO and no contribution from stress
corrosion cracking in the low-oxygen environment. With the exception of one data point for
the Alloy 600 specimen, the experimental results are bounded by the predictions of the ANL
model and the air line for austenitic SSs predicted by the ASME Code. Additional CGR data
for austenitic SS specimens are cequired to validate model predictions in water that contains
low DO concentrations.
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3.3 CGRs of Mill-Annealed Alloy 600 and Thermally Treated Alloy 690 in HP
Water at 289 and 320'C

The effects of temperature, DO in HP water, and dissolved hydrogen in low-DO water on
CGRs of Alloys 600 and 690 is being investigated, in the latter environment, the

concentration of dissolved hydrogen in the water can influence the nature of corrosion-
product films on nickel-base alloys, and thereby play a role in the crack growth process. The
manner in which temperature and dissolved hydrogen in low-DO water can affect the stability
of NIO on nickel and Alloy 600 (75 wt.% nickel) is outlined below.
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3.3.1 Thermodynamic Stability of NIO Corrosion Product on Nickel-Base Alloys
as a Function of Hydrogen Concentration of Water and Temperature

Under conditions where chemical oxidation of nickel occurs in water (Eq.1), atomic
hydrogen forms; some is absorbed by the alloy and can contribute to EAC,9.10 he remaindert
is released to the coolant.

,

'
i

Ni(s) + H20(g) NiO(s) + H (g)- (1)= 2

The free-energy change AGT of the reaction is given by

AGT = AGT + RT in K, (2)

where AG T is the difference in the standard free energies of formation of NIO and H20,
R is the molar gas constant, and K is the equilibrium constant of the reaction;

aNIO a
K= n2

(3).

aNi a ,on

if hydrogen obeys the ideal gas law in the vapor phase, and for dilute solutions of hydrogen in
water; the partial pressure of hydrogen in the vapor is given by

pH2 = N x, (4)

where N is Henry's Law constant for hydrogen dissolved in water and x is the mole fraction of
hydrogen gas in water.

Because the standard free energies of formation of NIO and H O are similar in magnitude,2
the standard driving force AG fT or the reaction is small (AG*r = 550 + 10.18 T cal)l0 and a
high enough concentration of hydrogen in water could prevent formation of the NiO phase.
For a constant hydrogen concentration in water, the pH2/pH O ratio decreases as2

temperature increases because (a) the temperature dependence of Hemy's Law constant N and
thereby pH2 decreases with temperature, and (b) the saturation pressure of water pH20 sat
increases with temperature, i.e., pH O = pH 0 sat. The dependence on temperature of AG f2 2 T or
the reaction in Eq. I for 2 and 60 cm3 H2 kg-1 H O is shown in Fig. 20. The NIO phase is not2

stable at positive values of AG . Figure 21 shows the calculated range of stability of NIO as aT
function of temperature and hydrogen concentration in deoxygenated water in units of em3
H2 kg-1 H2O and ppm hydrogen. These results were obtained from Fig. 20 (at AGT = 0) and
similar curves at other hydrogen concentrations in water.

According to Figs. 20 and 21, for a given dissolved 112 concentration in water, a higher
temperature favors NiO formation (a AGT of <0 in Fig. 20), mainly through the in K term in
Eq. 3), in contrast to a decrease in thermodynamic stability of oxides in air and other
environments as temperature increases (less negative AG ). In Eq. 3, the activity of nickel inT
Alloy 600 was assumed to be equal to the mole fraction of nickel in the alloy, i.e.,0.72, which
has only a minor effect on the position of the lines in Figs. 20 and 21. For pure nickel, the
curves in these figures would be lower by =10*C.

For Alloy 600 and other nickel-base alloys, the calculated stability of the NIO phase
(position of the line in Fig. 21) would be influenced by incorporation of chromium irne the
corrosion-product film, i.e.. a more negative AG* for a nickel-chromate film. This would tend
to lower the position of the line in Fig. 25 and expand the stability regime for the corrosion-

19 NUREG/CR-6383
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product phase. At a fixed temperature, a higher hydrogen concentration in water would be
required to prevent the formation of NIO, or alternatively, at a fixed hydrogen concentration in
water, a decrease in temperature would produce the same condition. Nonnal uncertainties in
thermodynamic properties and slow oxidation kinetics (Eq.1) at small, negative AGT values
near the Ni/NIO phase boundary lead to significant uncertainty when predicting whether a
corrosion-product phase will actually form on the alloy surface or within a propagating crack
at a given temperature and hydrogen concentration in water. Neverthelese, experimental CGR
data are being obtained to determine whether these considerations are important in EAC of
Alloys 600 and 690 under pWR operating conditions.
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Figure 21. Calculated thermodynamic stability of Nio on Alloy 600 as a function of
temperature and concentration of dissolved hydrogen in water in units of
(a) cm3 Il -kg-l 11 0 and (b) ppm hydrogen2 2

3.3.2 Crack Growth Rate in HP Water

Corrosion-fatigue experiments were conducted on mill-annealed Alloy 600 (llcat No.
NX8197) and mill-annealed and thermally treated Alloy 690 (NX8662HG-33) specimens in Hp
water to investigate the effects temperature and DO and dissolved hydrogen in water on the
CGRs of these matedals. The grain size (Figs. Ic and 2a) of these specimens is similar and the
carbide distribution along grain boundaries of both (Figs. 7 and 10) is continuous. although
Alloy 690 contains few intragranular carbides. At 290-320'C, these heats of Alloy 600 and
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690 have ultimate tensile and yleid strengths of =660 and 321 and 600 and 235 MPa,
respectively.

Initial CGR results were obtained at 289'C in water that contained =6-8 ppm and <5 ppb
DO, load ratios of 0.2, 0.6, and 0.9, and Kmax values of 31-33 MPa ml/2 (Tests 1-6 in
Table 8). These stress intensity factors are greater than the threshold value of =26 MPa ml/2
for EAC of Alloy 600 in oxygenated water (Fig.16). Crack growth behavior of the two materials
is quite similar under the conditions in these experiments. The temperature of the autoclave
was increased from 289 to 320*C to begin an analogous set of experiments at the higher
temperature in water that contained <5 ppb DO. During this time, the specimens were
maintained at a low constant applied load before beginning the cyclic loading tests. Each
incremental decrease in applied load (Tests 7-9) was accompanied by an abrupt decrease in
electrical resistance of the specimens, which we attribute to closure of the tight crack, followed
by a gradual increase in resistance to the inital value because of oxidation of the crack
surfaces. Although the DC potential-drop measurements are indicative of crack growth at
relatively low stress intensity factors, we believe that the increases in potential are caused by
increases in electrical resistivity of the oxide film on crack surfaces near the crack-tip region.
Eventually, the resistivities approached values obtained in the last test under cyclic loading
conditions.

Two tests were conducted under cyclic loading at load ratios of 0.6 and 0.9 at a stress
intensity of =33 MPa ml/2 (Tests 10 and Il). The CGRs at 320'C were similar to those at
289'C at the two load ratios in water with <5 ppb DO (Tests 5 and 6). Then, two tests were
conducted at 320'C in water that contained =6-7 ppm DO at load ratios of 0.6 and 0.9
(Tests 12 and 13, respectively). The CGRs in these tests are similar to those at 289 C (Tests 2
and 3); 1.e., CGRs of the Alloy 600 specimen show a small decrease as temperature increases
at both R values. The rates for the Alloy 690 specimen at 289 and 320'C are virtually the
same at a load ratio of 0.9.

Three tests were conducted at 320*C in water that contained <5 ppb DO and =0,2.2, and
52 cm3 kg I dissolved hydrogen at a load ratio of 0.9 (Tests 14-16, respectively), and in Test
17, the load ratio was decreased from 0.9 to 0.6 at the highest hydrogen concentration. At a
load ratio of 0.9, CGRs of both specimens were low (0.5-1.3 x 10-11 m s-1) and dissolved
hydrogen over the range of =2-53 cm3 kg-l did not have any influence on the rates at a Kmax
of =34 MPa ml/2 At a load ratio of 0.6,52 cm3 kg-l hydrogen in low-DO water decreased the
CGR of the Alloy 600 specimen by a factor of two at 320'C: however, the rate for the Alloy 690
specimen remained the same (compare Tests 10 and 17 in Table 8), in Tests 10 and 17, the
CGRs of Alloy 690 were greater than those of Alloy 600 by factors of =2.4 and 5.4, respectively.

In Test 18 at 320'C and a load ratio of 0.6, the hydrogen concentration was decreased
from =52 to 4 cm3 kg-1 and the CGRs of both materials increased. In Test 19, temperature

,kwas decreased from 320 to 289"C and the load ratio was increased from 0.6 to 0.9. These
changes produced a significant decrease in the CGRs of the materials. In Tests 20 and 21,
load ratio was decreased from 0.9 to 0.6 and then to 0.2, respectively. The CGRs in Test 20
increased to values that were somewhat lower than those at 320'C for the same loading and
water chemistry conditions (i.e., Test 18). CGRs in Tests 22 and 23 at R values of 0.9 and
0.6 in water containing -54 cm3 il2 kg-l 1120 at 289'C were similar in magnitude to those at
320'C (Tests 16 and 17).
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Table 8. Crack growth restdtsfor Alloy 600 and 690 specimensa in HP teater at 289 and 320*C
WWer Chemmary

Test Test 7est H2 03 cmt. pHat FlectrMe Nemmt Iml Wy W A>v 6w)

No. Time. Temp. Cone..b cone.. ' at 2S'C. 2ST 304 Ss Pt Raimd Kmu*. AK.f Rate, Knu'. AK.I Rat e.

ikel ppm ps em 1 mVtSitEl at 239'c MPa ml/2 10 lomrt MPa m /2 in-som s4h "C em l

4 - JW - Sn U.ub 6.SJ 17u 17J 02 Jt.J 45 04 Nb o 31.0 J4 tm 7b.3

2 289 - 56 0.06 6.72 - - 06 31,8 12.72 28 0 31.4 12.S6 24 7

3 g 289 - 7.5 0 09 6 93 153 152 0.9 32 2 3 22 52 31 6 3.16 0 82

g 289 - 40 005 0.08 6 33 -267 -400 02 32 S 26 00 36 7 32 2 25 76 Ori 34

5 g 289 - <0 005 0.08 6.33 -301 -448 06 32.8 13.12 10.4 32.5 13 00 17.2

g 289 - <0.005 0 06 6 83 452 -46i O9 32 9 3.29 0.08 32 6 3 26 0 066

7 320 - <0 005 0 08 6.71 -488 -494 1.0 73 0 -s 7.3 0 -4

8 >- 320 - <0.005 0 08 6 81 -S IO -500 10 S. 7 0 -s SS O 8

9 g% 320 - <0 005 0.09 6 81 -817 -506 1.0 1.1 0 -a 1.1 0 8

10 1015- 320 - <0.006 0.06 6 83 -522 -509 06 33.2 13.28 9 98 33 0 13.20 24 0
1035

;t20 - <0.006 0 08 6 55 -525 -513 09 33 3 3 33 0.28 33 1 3 31 0.021! |0g.
12 g 320 - 58 0 08 6 55 168 192 06 33 5 13.40 22 5 33 5 13.40 38 8

13 170 % 320 - 70 0.08 6 31 249 250 09 33 7 3.37 1.49 33 6 3 36 0 92
189S

14 % 320 - <0005 0 08 6 57 -300 -386 09 33 8 3.38 -6 33 7 3.37 0,11

IS 23 <0.001 0 09 6.40 -S20 -Sl6 0.9 33 9 3.39 0.13 33 8 3 38 0.05j2g 320
16 2545- 320 52.I <0 001 0 08 6 91 -610 -602 09 33 6 3 36 0.12 33 7 3.37 0 OS

2'JJS
17 2 % 320 S t .2 <0.001 0 09 6 00 -623 -614 06 33.9 13 56 4 28 35.1 14 04 23 0

18 320 38 <0.001 0.07 6 70 -463 -484 0.6 34 5 13 80 17.0 37.5 15 00 31 2

19 4520- 289 3.2 <0.001 0.06 6.78 -834 -522 09 34 5 3 45 0.70 37.S 3.75 =0
4tr20

20 g 289 38 <0.001 0.06 6 66 -$44 -532 06 34 S 13 H0 3.29 37 9 i S.16 23.6

21 g 289 4.5 <0. 00 i 0.06 6.78 -547 -535 02 34 8 27.84 113 70 38 6 30 88 156 6

22 S02 % 289 53 7 <0.001 0.07 6 90 -599 -589 09 34 7 3 47 0 26 30.0 3.90 0,17
538S

23 289 $3 S <0.001 0.07 8 90 -606 -598 06 34 7 13 88 0 9fi 39 2 18 68 16. a

24 S r n. <0 Ooi 0.06 a.93 -57u -Sm Io S7 0 2 06 6.7 0 -eg 2a9
25 u9 i .2. <0 00i 0 06 6 s7 -4c -4S i iO i36 0 i r4 iS 3 0 -.g

a Compact sension specimens (lTCT) of Alloy 600 (Heat No. NX8197) and Alloy 690 (licat No. NX8662IiG-33).
Alloy 6cd and 690 specimens (Nos.197-07 and 11G-07, respectively) were tested in the as-received mill-
annea'ed and mill-annealed plus thermally treated (715'C for 5 h) conditions, respectively.

b Ellluent dissolved hydrogen concentration was determined with an Orbisphere hydrogen meter.
C Fffluent DO concentration was determined with an Orbisphere oxygen meter or Chemetrics ampules.
d Frequency and rise time of the positive sawtooth waveform were 8 x 10-2112 and 12 s respectively.
e Stress intensity Kmax values at the end of the time period.
IAK = Kmax(1-R) where load ratio R = Kmin/Kmax.
g llold periods a constant load at lower stress intensity values.
h Corrosion-product hydrogen: no hydrogen was added to the feedwater.

Two tests were conducted at 289'C under constant load (Tests 24 and 25) at low stress
intensity factors, in which no hydrogen was added to the feedwater. The DC potential-drop
response of the specimens was similar to that in Tests 7-9. When load was decreased in Test
24 and then increased in Test 25, the resistivitity of both specimens first decreased and then
increased abruptly, followed by a gradual increase to the values obtained at the end of Test 23.
This behavior tends to confirm the hypothesis that DC potential-drop measurements are
strongly influenced by morphology and degree of oxidation of crack surfaces in constant load
tests if Kmax decreases, in contrast to actual increases in crack length during cyclic loading
with increasing Kmax.
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The dependence of the CGRs of A.lloy 600 and 690 specimens at 320oC on DO
concentration in flP water and on the ECP of a platinum electrode (at 289'C) is shown in
Fig. 22. At a load ratio of 0.6 (Figs. 22a and b), CGRs are not dependent on either DO or ECp,
which is indicative of a strong contribution of cyclic loading to the rates. At a higher load ratio
of 0.9, CGRs decrease as DO concentration and ECP decrease Figs. 22c and d, respectively.
Figure 23 shows similar results at 289'C at load ratios of 0.2, 0.6, and 0.9. At a high load
ratio of 0.9, CGRs exhibit a 1/4-power dependence on DO concentration, which has been
observed previously in slow-strain-rate tensile tests on sensitized Type 304 SSs.ll.12 The
dependence of the CGRs on Kmax at load ratios of 0.2-0.9 in deoxygenated water (<5 ppb) and
in water with 6-8 ppm DO is shown in Fig. 24.
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Figure 22. Dependence of CGRs of Alloy 600 and 690 specimens in IIP teater at 320'C on

DO concentration and ECP of Pt electrode at 289'C at load ratios of 0.6
(a and b) and 0.9 (c and d), respectively

Lines that depict the predicted dependence for austenitic SSs in air from Section XI of the
ASME Code at the various R values are also shown in Fig. 24. In all cases. the CGRs of both
alloys lie near or below the air curve for austenttic SSs. Crack growth experiments on these
alloys in air at 289 and 320'C are planned to determine whether the rates differ significantly
from those of austenitic SSs and to provide baseline data for these and subsequent tests in
simulated LWR environments.
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Figure 23. Dependence of CGRs of Alloy 600 and 690 specimens in HP water at 289'C on
DO concentration and ECP ofPt electrode at 289*C at load ratios of 0.2 (a and b),
0.6 (c and d), and 0.9 (e andj), respectively

Corrosion-fatigue data for the alloys at 289 and 320 C are plotted vs. predicted CGRs for
austenitic SSs in air from the ASME Code (Fig. 25a) and vs. rates in water predicted by the
ANL model s ivhich has been modifled to account for a 1/4-power dependence on DO
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Figure 24. Dependence of CGRs of Alloy 600 and 690 specimens at 289 and 320'C on
maximum stress intensity (Kmax) in HP deoxygenated water at load ratios of
(a) 0.2, (b) 0.6, and (c) 0.9, and (d) in oxygenated HP water at load ratios of 0.2.
0.6, and 0.9. Lines indicate dependence of CGRs of austenttic SSs in air on
Kmax predicted by ASME Code.

concentration in water of the environmnental contribution d env to crack gro vth (Section 3.5).
Both figures indicate that the experimental data lie near or below prec.icted values for
austenitic SSs in air or water, respectively, for the loading conditions and DO concentrations
employed in these experiments. Crack growth information for nickel-base alloys in air will be
sought to obtain a comparison similar to that in Fig. 25. In particular, information on CORs
of the materials in air at rates <10-10 m s-1 are required to determine whether they also
deviate from the ASME-predicted air line.

3.4 CGRs of Mill-Annealed Alloy 600 and Thermally Treated Alloy 690 in Simulated
PWR Water at 289 and 320 C

The influence of dissolved hydrogen in simulated PWR . vater on CGRs of Alloy 600 and
690 specimens from the same heats of material was cetermined in another series of
experiments at 289 and 320*C. The water contained 450 ppm boron, 2.25 ppm lithium,
<2 ppb DO, and -3-58 cm3 II kg-1 II20. Because of problems encountered with the DC2
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Rgure 26. Dependence of CGRs of Alloy 600 and 690 specimens at (a) 289 and (b) 320=C
on concentration of dissolved hydrogen in simulated PWR water at load ratio

of0.8 )

potential-drop technique, crack length was determined by the compliance method with the
use of MTS clip gages. Tests were conducted at a load ratio of 0.8 and Kmax in the range
~30-39 MPa ml/2. The results are given in Table 9 and plotted in Fig. 26.

CGRs decreased slightly as dissolved hydrogen concentration increased from 3 to |
'

58 cm3 kg-1. The Alloy 690 specimen exhibited a higher CGR by a factor of-3 than Alloy 600
under these water chemistry conditions at both temperatures. A somewhat larger decrease in
the CGRs was expected, based on a predicted change in the thermodynamic stability of NIO
corrosion product on the alloys as the concentration of dissolved hydrogen in the v/ater
increased or as the temperature decreased in these experiments. More experimental CGR data
are required to deduce whether these considerations are important in EAC of Alloy 600 and
other nickel-base alloys under PWR operating conditions.
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Table 9. Crack growtit resultsfor Alloy 600 and 690 specimensa in sintulated PWR water at 289 and 320*C
Water Chemistry

Test Test Test B IJ 112 O2 Cond. pli at E!cetrode Potential Imad Alloy 600 Allov 690
No. Time. Temp. Conc..b Conc..b Conc..c Conc..d at 25"C. 25 C 368SS Alloy 600 Ratioe Kmax . AK,8 Rate. Kman . A K.s Rate.f f

h *C ppm ppm em3kg-a ppb Scmd mVISiiEl at 289"C MPa m /2 g o.aom s-I MPa ml/2 30-10 m s-3n

I O- 289 450 2.25 53.0 <2 26 7.23 -798 -805 0.8 30 3 6.06 0.25 30.7 6.14 1.29540
2 540- 320 450 2.25 58.0 <2 31 7.32 --805 -809 0.8 30.6 6.12 0.68 31.3 6.26 2.191020
3 1020- 320 450 2.25 4.0 <2 35 7.32 -760 -757 0.8 31.0 6.20 1.35 32.4 6.48 3.251550
4 1550- 289 450 2.25 3.2 (2 36 7.42 -745 -741 0.8 31.2 6.24 0.73 33.0 6.60 2.202010
5 2010- 289 450 2.25 6.5 <2 38 7.39 -755 -758 0.8 31.4 6.28 0.27 33.9 6.78 2.302550
6 2550- 289 450 2.25 12.3 <2 41 7.27 -777 -780 0.8 31.4 6.28 0.45 34.3 6.86 2.512790
7 2790- 289 450 2.25 16.4 <2 39 7.29 -771 -773 0.8 31.8 6,36 0.68 35.7 7.14 3.933270g

-Q 8 3275- 320 450 2.25 22.0 <2 40 7.28 -732 -737 08 31.9 6.38 0.56 36.9 7.38 3.733730
9 3732- 320 450 2.25 34.4 <2 ?d 7.28 -785 -791 0.8 32.1 G.42 0.68 38.0 7 60 4.194086

10 4088- 289 450 2.25 32.7 <2 38 7.27 -784 -794 0.8 32.1 6.42 =0 38.6 7.72 2.184430
11 4760- 289 450 2.25 10h 4 37 7.26 -745 -720 0.8 32.4 6.48 2.09 39.9 7.98 5 395070
12 5070- 320 450 2.25 2.3h <2 36 7.26 -739 -736 0.8 32.7 6.54 0.56 41.4 8.28 7 515310

a Compact tension specimens (ITCT) of Alloy (300 (licat No. NX8197) and Alloy 690 (Heat No. NX8ti62HG-3% The Alloy 600 and 690 specimens (Nos.197-
09 and HG-09. respectively) were tested in the as-received mil!-annealed and annealed plus thermally treated (715*C for 5 h) conditions. respectively.b
Boron and hthium were added to the feedwater as !! BO and 1J011.3 3

C Effluent dissolved hydrogen concentration was determined with an Orbisphere hydrogen meter.
d Efiluent DO concentration was <2 ppb: -750 ppb h

with Chemetrics ampules for the ' ultra low range.ydrazine was added to deoxygenated feedwater to scavenge residual DO. which was measured
e Frequency and rise time of the positive sawtooth waveform were 8 x 10-2 fiz and 12 s. respectively.
I Stress intensity Kmax values at the end of the time period.

A AK = Kmax(1-R). where load ratio R = Kmin/Kmax.h Corrosion-product hydrogen; hydrogen was not added to the feedwater.
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3.5 Dependence on AK of CGRs of Mill-Annealed Alloy 600 and Thermally Treated
Alloy 690 in HP and Simulated PWR Water at 289 and 320 C

Exploration of the dependence of CGRs of mill-annealed Alloy 600 and thermally treated
Alloy 690 specimens at 289 and 320 C on AK can be brised on tests performed in llP and
simulated PWR water (Tables 8 and 9 respectively) at r,cVeral load ratim. The results were |
compared with predictions of the ANL model for crack growth of austenitic SSs in water.5

,

Briefly, the CGR ssuper in an aqueous environment is written as a superposition of a term |
that represents the contribution of SCC under constant load Escc: a corrosion-fatigue term a '

env. representing the additional CGR under cyclic loading due to the environment: and a
mechanical fatigue term Eatr, representing fatigue-crack growth in air,

(5)E uper = Escc + Eeny + Eatrs

The SCC term was obtained from a correlation given in U.S. Nuclear Regulatory Commission
(NRC) Report NUREG-0313, Rev. 2. January 1988. The correlation was based largely on data
in water that contained 8 ppm DO at impurity levels typically higher than those found in
currently operating plants. To account for additional data at 200 ppb DO and more
representative impurity levels, the CGR is taken as one-third that given in NUREG-0313:

Escc = 2.1 x 10-13 K2.161 (m s-1) 8 ppm DO (6)

dscc = 7.0 x 10-14 K2.161 (m s-1) 200 ppb DO,

where K is the stress intensity factor in MPa ml/2. The contribution from SCC is assumed to
be negligible for deoxygenated lip water and for PWR primary-water-chemistry conditions:
consequently, the CGR is given by

u=5env + Eatr- (7)

The air term, based on the work of James and Jones.13 is given by the current ASME Code
Section XI correlava at 288 C as

Eatr = 3.43 x 10-12 S(R) AK 3 /Ta
3

S(R) = 1 + 1.8 R R s 0.8 (8)
= -43.35 + 57.97 R R > 0.8

where TR s the rise time in s of the loading wave form R is the load ratio (Kmin/Kmax). andi

AK is Kmax - Kmin. Following Shojil4 and Gilman et al.15 the corrosion-fatigue term is
assumed to be related to Eatr through a power law

2eny = A SEr- (9)

The values of the coefficient A and the exponent m for water with 200 ppb DO at 288 C
were obtained by an empirical power-law-curve fit to the existing data for austenttic SSs at
R <0.9, where cyclic loading dominates and the stress corrosion term in the superposition
model (Eq. 5) can be ignored. The values are

A = 4.5 x 10-5 (10)
m = 0.5

for CGRs in m s-1 and K in MPa.ml/2 In water that contains 8 ppm DO at 288'C, an
empirical power-law-curve fit to the available data gives
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.

A = 1.5 x 10-4 (11)
m = 0.5.

As was mentioned previously, the dependence of CORs of austenitic SSs on DO
concentration [02) follows an =10211/4 relationship over this range of oxygen concentra-
tions.11.12 The results for Alloys 600 and 690 in Figs. 22c and 23e also exhibit this
dependence on DO To compare model predictions with CGRs in water that contains low DO
levels, the values of A at 200 ppb and 8 ppm were fit to a power-law relationship and the
constant A in Eq. 9 is given by the relationship

A = 1.08 x 10-5 (90)o.287 (12)

From Eq. 8 It is evident that dalr exhibits a complex dependence on R: therefore, the
predicted dependence of the crack growth rate a on AK can be obtained from Eqs. 7-9, and 12
at differing values of R. Figure 27 shows the predicted dependence of A on AK in 288'C
water that contains 1 ppb DO at several R values between 0.2 and 0.95, a rise time of 12 s,
and Kmax between 3 and 100 MPa ml/2, At R values 50.8, the curves do not differ
significantly, whereas, at higher R values, the range of A is wider for a given AK.

#10 - ,- ,. 1 i-

410 r f..
,..7 k_ a 3100 MPa m',

-

.

,f j,';10' Dependence of CGR at 288'C on sKfor R ofr ,

; 10 y
' DO, predicted by ANL model

0.2, 0.8. and 0.95 in water containing 1 ppb
o r , .:
U

lji
n

om10-n ,

]--08] -02 4

.1.o .1 . i. .. .1.

0 5 10 15 20 25 30 35

AK (MPa m'#)

The relative contribution of the d and 3 env terms in the model at several R valuesair
between 0.2 and 0.95 is shown in Fig. 28. At AK values ->5 MPa ml/2, mechanically induced
crack growth, i.e., Sair, is the major contributor to the rate, whereas, at values =<5 MPa ml/2,
theAenv term is similar in magnitude to d At low AK, i.e., 3-5 MPa ml/2, dair . air and A eny
are -1 x 10-10 m s-1 over the entire range of R. Thus, to explore EAC of these materials,
experiments should be conducted at low AK and at Kmax > Krhreshold. where significant
enhancement in the rates should occur.

Experimental CGR data for Alloys 600 and 690 from Tables 8 and 9 can be compared with
model predictions. Figures 29 and 30 show the dependence of CGRs of mill-anneaVd Alloy
600 and thermally treated Alloy 690 specimens at 289 and 32fPC on AK at constant load
ratios in deoxygenated IIP and simulated PWR water, respectively. The experiments were not
conducted by adjusting (increasing) AK at constant R values, rather, the data were obtained by
adjusting R at a given Kmax, in which Kmax increases slowly as crack length increases during
the course of the experiments. The data in both environments are consistent with the trend
lines depicted in the figures: however, in some instances, experimental CGRs for Alloy 690 at
high R (0.9) lie significantly below the trend lines. The current results on Alloy 690 were
obtained from a heat that has a relatively low yield stress when compared with that of Alloy
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Figure 28. Contribution of air and deoxtigenated-water terms in model to crack growth rate

| at 288*C us. AK at load ratios of(a) 0.2, (b) 0.8, (c) 0.9, and (d) 0.95

600 (=232 vs. 327 MPa at 320*C). Because mechar.1cally driven crack growth can be
correlated with yield stress, this could be simply a heat-to-heat variation. The data at several
load ratios also suggest that there is a threshold AK at which rates increase significantly with
a minimal increase in AK, and then increase more slowly as AK increases in a manner
consistent with model predictions. At load ratios 50.8, it appears that CGRs of the Alloy 690
specimens are slightly higher than those of Alloy 600: however, at an R of 0.9 the rates for
both alloys are similar. Threshold AKs are indicated in Figs. 27 and 28 and the values are
plotted vs. load ratio in Fig. 31. The dependence of AK' threshold on load ratio for both alloys in
deoxyge:1ated water at 289 and 320 C is given by the equation

Alh = 32.0 (1-R). (13)

Crack growth experiments will be conducted on specimens from other heats of the alloys
at high load ratios, including constant load (R = 1.0), to determine the effect of yield stress on
the rates, and whether Alloy 690 exhibits lower rates than Alloy 600 at higher R values.
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Figure 29. Dependence of CGRs of Alloy 600 and 690 specimens in deoxygenated HP
water on AK at (a) and (b) 289, and (c) and (d) 320'C

:

3.6 Morphology of Crack Path and Surface of Alloy 600 and 690 Specimens

Morphology of corrosion-fatigue cracks in the Alloy 600 and 690 specimens listed in
Tables 6-9 has been determined. The ITCT specimens were sectioned vertically, and one-half
of each specimen was split in the plane of the crack in liquid nitrogen. Corrosion-product
films were 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 consistent with values obtained by DC potential-drop and compliance techniques.

Figures 32-37 show the fracture surface, fracture morphology, and crack path in the
crack-tip region of the specimens. The Alloy 600 specimen (Table 6), which has a very small
grain size, exhibited intergranular cracking in oxygenated water (Fig. 32). The crack path in
the Alloy 600 specimen in which the environment at the beginning and end of the experiment
was simulated primary PWR, with an intermediate period of oxygenated lip water (Table 7),
revealed transgranular cracking under all conditions (Fig. 33). The Type 316NG and
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sensitized Type 304 SS specimens also exhibited a transgranular mode of crack propagation
.during tests in simulated PWR water and in oxygenated HP water.6 Intergranular cracking of
the sensitized 'Iype 304 SS specimen in oxygenated water was not observed because of the low
load ratio in most of the tests.
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ALLOY 600 HEAT TREATMENT LOAD CONDITIONS ENVillONMENT
Spec. No. IN-1 Mill annealed Kees e 28-36 MPau /3 200-300 ppb DOl

Heat No. J422 R . 0 6C495 0-200 ppb Chromate
Freq = 0 077 H4 0-100 ppb Bulfate

OUTER
SURFACE, 7,: B/2

i ,,

'

* h$

M

. y (w,, :
y *

'

SCC T',
,.

__ FATIGUE ,i
.

'T

""e Y kh||jSE '5 f-.

!

CRACK TIP REGION FRACTURE SURFACE FRACTURE MORPHOLOGY

Figure 32. Crack path, fracture surface, andfracture morphology of 1TCT
specimen ofAlloy 600 (No, IN-1) afer crack grolvth experiment in
oxygenated ilP teater and oxygenated teater containing
chromate, sulfate,2-butanone-oxime, or ethanolamine at 289'C

ALLOY 600 llEAT TREATMENT LOAD CONDITIONS ENVIRONMENT
Spec. No. IM-2 Mlu annealed K maa = 29-31 MPatt/2 HP Water: 8 ppm DO and
Heat No. J422 R e 0.2-1.0 PWR: 450 ppm B. 2.25 ppm Li.
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Figure 33. Crack path, fracture surface, and. fracture morphology of 17CT
specimen of Alloy GOO (No. IN-2) after crack grototh experiment in
IIP teater and simulated PWR teater at 289'C
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ALLOY 600 flEAT TRICATMENT LOAD CONDITIONS ENVIRONMENT
Spec. No.197-07 Mill annealed Km e 31-35 MPa /3 <0.00&7.5 ppm DOl
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Figure 34. Crack path. fracture surface, andfracture morpfwlogy of ITCT
specimen of Alloy 600 (No. 197-07) after crack growtIn
experiment in IIP teater at 289 and 320'C

ALLOY 690 IIEAT LOAD CONDITIONS ENVIRONMENT
Spec. No. HO-07 TREATMENT K... 31-39 MPau d <0 0057.5 ppm DOl

Heat No. NX8662HO-3: Mill sanealed plus R e 0.2-1.0 0-53 cal H k8'ill o2 d

715 C for 5 h Freq. e 0.077 Hs. R < l.0 0 06-0.095 cm-l
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Figure 35. Crack path. fracture surface, andfracture morpinology of 17CT
specirnen of Alloy 690 (No. HG-07) after crack growth
experunent in HP water at 289 and 320^C

ALLOY 600 !! EAT TREATMENT LOAD COPfDITIONS ENVIRONMENT

Spec. No.197-09 Mill annealed K 30-33 MPml/2 PWR; <3 ppb DO
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Figure 36. Crack path. fracture surface, andfracture vnorphology of ITCT
specimen of Alloy 600 (No. 197-09) after crack growth
experiment in simulated PWR water at 289 and 320^C
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ALLOY 690 ItE.AT TitEATMENT LOAD CONDITIONS ENVIRONMENT
Spec. No. HG-09 htH1 annealed plua K e 31-4I hfPanL/2 PWR; <3 ppb DOmas
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Figure 37. Crack path. fracture surface, andfracture mory>hology of ITCT
specimen of Alloy 690 (No. IIG-09) after crack growth
experiment in simulated PWR teater at 289 and 320 C

The Alloy 600 and 690 specimens from the CGR experiments in llP water (Table 8) with a |
range of DO concentrations and in low-oxygen water with several concentrations of dissolved
hydrogen exhibited transgranular modes of crack propagation (Figs. 34 and 35. respectively).
The specimens from the CGR experiments in simulated PWR water (Table 9) also revealed
predominately transgranular crack propagation (Figs. 3G and 37). The transgranular mode of l

crack propagation can be attributed to the strong contribution of mechanical cyclic loading in
tests at a load ratio of 0.8.

4 Summary and Conclusions

Fracture-mechanics CGR tests were conducted on compact-tension specimens of mill-
annealed Alloy GOO and mill-annealed and thermally treated Alloy 690 in oxygenated water
and in deoxygenated water that contained boron, lithium, and low concentrations of dissolved
hydrogen at 289 and 320'C.

Several tests were conducted on mill-annealed Alloy 600 and sensitized Type 304 SS
specimens in simulated BWR water at conductivities of =0.08-8.3 pS curl. Small amounts of
chromate and sulfate (<200 ppb) and two amines (1-5 ppm) in water that contained =200 ppb
DO produced small but measurable changes in the CGRs of the sensitized Type 304 SS
specimens but had virtually no effect on the CGR of the mill-annealed Alloy 600 specimen at a
load ratto of 0.95. The CORs of Alloy 600 and sensitized Type 304 SS were virtually the same
under conditions where EAC occurred in both materials, i.e., when the stress intensity K
exceeded a threshold value at a given load ratio. The average CGR of the Alloy 600 and
sensitized Type 304 SS specimens was =2.3 x 10-10 m s-l at an R of 0.95 and Kmm of
>30 MPa ml/2 under these water chemistry conditions. This average rate is consistent with
numerous determinations of EAC of sensitized Type 304 and nonsensitized Type 31GNG SS
specimens in oxygenated water at 289'C under similar loading conditions. The observation
that different materials, e.g., Alloy 600, sensitized Type 304, nonsensitized Type 31GNG, and
CF-3, CF-8 and CF-8M grades of cast SSs. exhibit the same CGR in oxygenated water, despite
significant differences in material chemistry, microstructure, and mode of crack propagation,
suggests that crack propagation is controlled by the rate of cathodic reduction of DO with a
concomitant anodic dissolution process at the crack tip. Experimental data for the three
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specimens were compared with predictions from an ANL model for CGRs of SSs in water ands

the ASME Section XI correlation for CGRs in air at the Kmax and load ratio values in the
various tests. The data for both materials were bounded by the two curves.

The crack growth behavior of Alloy 600, Type 316NG, and sensitized Type 304 SS was
investigated in simulated PWR water at high load ratios, where an environmental contribution
to cracking may be significant. Tests were conducted at 289'C in water that contained
450 ppm boron and 2.25 ppm lithium (added to the feedwater as llaBo and LIOll),4-45 cm3a

kpl 110, al ppb DO, and 750 ppb hydrazine. The CGR data for the specimens wereII2 2

ompared with predictions from the ANL crack-growth model that was modilled to account for
a very low DO concentration in simulated PWR primary-system water. With the exception of
one data point for the Alloy 600 specimen, the experimental results in water were bounded by
the ANL model prediction and the " air line" for austenitic SSs from the ASME Code Section XI
correlation.

Several CGR tests were performed on this set of specimens in llP water that contained
=6 ppm DO at load ratios between 0.2 and 1.0. CGRs in this environment were also compared
with predictions of the ANL model for crack growth in oxygenated water and with the air line
from the ASME Section XI correlation at the Kmax and load ratio values for the specimens.
Once again, the experimental data were bounded by the two curves and the ANL model
provides a good upper-bound estimate of the CGRs at all load ratios.

Corrosion-fatigue experiments were conducted on mill-annealed Alloy 600 and mill-
annealed plus thermally treated Alloy 690 specimens in llP water to investigate the effects of
temperature, load ratio. DO. and dissolved hydrogen in water on CGRs. Crack growth
behavior of the two materials is quite similar under the conditions in these experiments. At a
load ratio of 0.6, the CGRs are not dependent on DO, which is indicative of a strong
contribution of cyclic loading to the rates. At a higher load ratio of 0.9, the CGRs decrease as
DO concentration decreases at 289 and 320 C. In all cases, the CGRs of both materials lie

near or below the air curve for austenitic SSs.

Several tests were conducted at 320'C in llP water that contained <5 ppb DO and =0,2.2,
and 53 cm3 kg-1 dissolved hydrogen. At a load ratio of 0.9, CGRs of both specimens were low
(0.5-1,3 x 10-11 m s-1) and dissolved hydrogen over the range of =2-53 cm3 li kg-1 II 0 did2 2

not influence the rates at a Kmax of =34 MPa m /2 In contrast to results at lower load ratiosi

(l.c., 5 0.6), CGRs of Alloy 600 were greater than those of Alloy 690 by factors of
~2-5.

The influence of dissolved hydrogen in simulated PWR water on CGRs of Alloy 600 and
690 specimens from the same heats of material was determined in another series of
experiments at 289 and 320'C. The tests were conducted at a load ratio of 0.8 and Kmax in
the range =30-39 MPa ml/2 The CGRs decreased slightly as the dissolved-hydrogen
concentration increased from 3 to 58 cm3 kg-l. Under these water chemistry and loading
conditions, CGRs of Alloy 690 were higher by a factor of =3 than the CGRs of Alloy 600 at both
temperatures.

The morphology of corrosion-fatigue cracks in the Alloy 600 and 690 specimens was
determined. In simulated BWR water that contained =200 ppb DO, the crack path in the Alloy
600 and sensitized Type 304 SS specimens was predominantly intergranular. The crack path
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in the Alloy 600, Type 316NG, and sensitized 304 SS specimens in which the enviro, ment at
the beginning and end of the experiment was simulated PWR primary-system wat c but in
which there was an intermediate period of oxygenated HP water, revealed tramganular
cracking. Intergranular cracking of the sensitized Type 304 SS specimen in oxygenated water
was not observed because of the low load ratios in most of the tests. In deoxygenated HP
water and simulated PWR water, predominately transgranular cracking occurred at load ratios
<0.9, which were used in most of the tests.

5 Future Work

Corrosion-fatigue tests will be performed on Alloy 600 and 690 specimens with differing
heat treatments (Table 1) to assess the influence of microstructure, viz., carbide distribution
and grain size. on CGRs in simulated LWR environments. Alloy 690 in the 20% cold-worked
condition will also be tested. Most of the experiments will be conducted at R >0.9 to maximize
the environmental contribution to crack growth even though CGRs decrease significantly at
high load ratios. These tests will confirm whether Alloy 690 exhibits lower CGRs than Alloy
600 at high load ratios, including constant load (R = 1.0). Because CGRs will be relatively low
(<5 x 10-11 m s-1), each experiment will entall a longer test time (->800 h) to obtain reliable
measurements for incremental crack depths =>l50 pm or several grain diameters.
Experiments will be performed in air as well as in water to determine threshold stress

,intensity values for crack propagation at high R values in both environments. Tests will also
be performed over a wider temperature range under conditions where EAC occurs, to quantify
the true activation energy for crack propagation. These results will make possible a more
quantitative assessment of the degree of environmental enhancement in water for the same
material, heat treatment, and loading conditions. The influence of the concentration of
dissolved hydrogen in water on crack growth will be investigated at high R values to determine
whether there is an abrupt decrease in CGRs over a regime of temperature and hydrogen
concentration where the NiO corrosion product is not thermodynamically stable. The results
will be compared with similar crack-growth information for austenttic SSs in air from Section
XI of the ASME Code and with values predicted by a correlation developed by ANL for EAC of
these steels in high-temperature water, if necessary, the correlation will be modified to better
reflect the properties of Alloys ~ 600 and 690.

.
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