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Environmentally Assisted Cracking in Light Water
Reactors

by

W. J. Shack, T. F. Kassner, P. S. Maiya,
J. Y. Park, and W. E. Ruther

Abstract

This report summarizes work performed by Argonne National Laboratory on
environmentally assisted cracking in light water reactors during the six months from April
to September 1987. The stress corrosion cracking (SCC) behavior of Types 304, 316NG,
and 347 stainless steel (SS) was investigated by means of slow-strain-rate and fracture-
mechanics crack-growth-rate tests in high-temperature water. The relative susceptibility
of the solution-annealed Type 304 SS to crack initiation was detennined in water with two
dissolved-oxygen concentrations. The effect of dissolved copper and organic impurities on
the SCC of sensitized Type 304 SS was also investigated. Fatigue tests are being conducted
on Type 316NG SS in air at room temperature to provide baseline data for comparison with
results that will be obtained in high-temperature water. The susceptibility of several heats
of different grades of low-alloy steel to transgranular SCC was explored in slow-strain-rate
tests at 289°C, and the variation in the crack growth rates was attributed to differences in
the sulfur content and sulfide inclusion distributions in the materials.
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Executive Summary

Fracture-mechanics crack-growth
tests were performed to determine the
effect of water flow rate on the stress cor-
rosion cracking (SCC) behavior of Type
316NG SS at 289°C. In one phase of the
tests, water was directed across the mouth
of the crack in a “high-flow” specimen by
means of a high-velocity pump, whereas
the flow past an identical “low-flow"
specimen was due only to recirculation of
the water within the autoclave. In another
phase, a low “quasi-static" flow past both
specimens was maintained by thermal
convection and the refreshment rate of the
water within the autoclave. No crack
growth occurred in the “high-flow” speci-
men over a time period of -6400 h under
any water chemistry or flow conditions.
The crack growth rate of the “low-flow”
specimen was consistent with values
determined previously for this material
under similar water chemistry and loading
conditions. The results of this experiment
imply that the high flow velocity of water
past the mouth of the fatigue crack in the
IT compact-tension specimen prevented
SCC initiation. Consequently, no informa-
tion was obtained on the influence of flow
velocity on crack propagation under high-
and low-how rate conditions.

Fracture-mechanics crack-growth
tests were also performed to compare the
SCC behavior of Types 316NG and CF3M
cast SS in oxygenated water under low-
frequency, cyclic loading at 289°C. No
crack growth occurred in either specimen
over a time period of -740 h. The test was
terminated shortly thereafter because of
problems with the equipment.

Constant-extension-rate tensile
(CERT) tests were performed to evaluate
heat-to-heat variations in the SCC
susceptibility of Types 316NG and 347 SS
in oxygenated water (0.2 ppm) containing

0.1 ppm sulfate, at 289°C and strain rates
between 10-6 and 10-7 s_1. In terms of the
critical strain rate, i.e., the strain rate at or
below which SCC occurs in the steels. Type
316NG SS is more resistant to SCC than
sensitized Types 304 or 316 SS, and Type
347 SS is somewhat more resistant than
Type 316NG SS in terms of this measure of
resistance to SCC. No correlation was
found between the SCC behavior and the
minor variations in chemical composition
among the different heats of the steels.
However, a significant effect of heat
treatment was observed. A heat of Type
347 SS that susceptible to TGSCC in the
solution-annealed condition is becomes
extremely resistant to SCC in the aged
condition. Although no sensitization
occurred in either condition, differences in
precipitate structure in the materials due
to the different heat treatments appear to
influence the SCC behavior. This
observation can be rationalized in terms of
the effect of niobium in the solution-
annealed material on the stacking fault
energy, and the nature of slip processes in
the solution-annealed and aged materials.

Baseline fatigue tests were performed
on Type 316NG SS in air at room
temperature for comparison with the
ASME Section Hi" design curve and the
ASME mean data curve. The results agree
well with the mean data curve for fairly
short lives corresponding to plastic strain
ranges greater than 0.5%, but fall below the
mean data curve at longer lives. Similar
fatigue tests will be performed in high-
temperature water to assess the effect of
simulated BWR and PWR environments on
the design margin or safety factor
incorporated into the ASME mean life
curve for austenitic stainless steels.

Metallic impurities (viz., corrosion
products) from the feedwater train are
present in reactor coolant water along with
the various ionic species that enter the



coolant from leaks and other sources. In
plants with admiralty brass, aluminum
brass, or copper-nickel condenser tubes
and/or feedwater heaters, copper (e.g., CuO
or CU20) and iron can dissolve in high-
temperature water. Previous work
indicated that the minimum concentration
of Cu2+ required for severe IGSCC of
sensitized Type 304 SS decreased from
-1.0 ppm at 289°C to -0.1 ppm at 150°C.
These concentrations are higher than those
typically encountered in the reactor coolant
water in BWRs and in secondary system
water of recirculating or once-through
steam generators in PWRs. However, since
the thermodynamic stability regime of Cu+
increases at the expense of Cu2+ as the
temperature of the water increases, a
series of CERT experiments was performed
to determine the minimum concentration
of Cu+ in low-oxygen water for SCC of
sensitized Type 304 SS at temperatures
between 135 and 289°C. The results
indicate that SCC occurs at and above -1
ppm Cut at 289°C, i.e., the same
concentration as Cu2t+; however, at
temperatures below ~200°C, SCC occurs at
lower concentrations of Cu+ (-0.03 ppm).
The temperature dependence of the crack
growth rates in deoxygenated water
containing 1-2 ppm Cut revealed a broad
maximum between -170 and 250°C with a
decrease in the rates at higher and lower
temperatures, which is similar to the SCC
behavior in high-purity water containing
0.2 ppm dissolved oxygen. However, the
crack growth rates in deoxygenated water
with dissolved copper were higher by a
factor of 10. The effect of pH on the SCC
susceptibility in the presence of dissolved
copper is being investigated.

Organic contaminants can enter BWR
reactor coolant and PWR secondary-system
water in a variety of ways. As part of an
investigation of the effects of organic acids

on SCC, CERT tests were performed on
sensitized Type 304 SS in water at 289°C
containing 0.2 ppm dissolved oxygen and
four EDTA salts at an anion concentration
of 1 ppm. Transgranular SCC was observed
but the crack growth rates were very low,
primarily because these substances react
with the dissolved oxygen and decrease the
concentration to <5 ppb in the effluent
water with a concomitant decrease in the
open-circuit electrochemical potential
(ECP) of the steel to less than -500
mV(SHE).

Previous studies of crack initiation in
Type 316NG SS and solution-annealed and
sensitized Type 304 SS indicated that
crack initiation occurs at local plastic
strains of -2 to 4% in water containing
-0.2 ppm dissolved oxygen and 0.1 ppm
sulfate at 289°C. CERT experiments have
been performed on solution-annealed Type
304 SS to determine whether resistance to
initiation of transgranular cracks is greater
in low-oxygen (<5 ppb) water. The results
showed that even at ECP values of less than
-400 mV(SHE), cracks initiate at strains of
-4%. Also, the crack growth rates of the
steel in the two environments were
virtually the same.

CERT tests were performed on a
variety of ferritic steels used for LWR
pressure vessels and primary system
piping. Virtually all of the materials
exhibited TGSCC in water containing -0.2
ppm dissolved oxygen and 0.1 ppm sulfate
at 289°C. However, the crack growth rates
varied over a wide range (e.g., 10-10 to 10-8
s-1). even for the same heat of material.
This variation among the different grades of
steel and for the same heat of steel was
attributed to the sulfur content and
distribution, i.e., materials with fewer
sulfide inclusions were less susceptible to
TGSCC.



1
Introduction

The objective of this program is to
develop an independent capability for the
assessment of environmentally assisted
cracking in light water reactor (LWR)
systems. During this reporting period, the
program has been primarily directed at
problems of intergranular stress corrosion
cracking (IGSCC). The scope of the work
includes (1) evaluation of the influence of
metallurgical variables, stress, and the
environment on susceptibility to stress
corrosion cracking (SCC), including the
influence of plant operations on these
variables; and (2) examination of practical
limits for these variables to effectively
control SCC in LWR systems.

The effort during this reporting period
has focused on (1) an evaluation of the SCC
of alternative materials, (2) an investigation
of the effects of water chemistry on the
SCC of sensitized Type 304 SS, and (3) an
investigation of environmentally assisted
cracking of ferritic steels. The program
seeks to evaluate potential solutions to SCC
in LWRs by direct experimentation,
through the development of a better
understanding of the various phenomena.

2
Alternative Materials

21
Introduction

The objective of this work is to
evaluate the resistance of Types 316NG,
347, and CF-3 stainless steel (SS) to
environmentally assisted cracking in
simulated BWR water. These alternative
materials for recirculation system piping in
BWRs are very resistant to sensitization,
and thus are much less susceptible to
IGSCC than the Types 304 and 316 SS used
in many operating reactors in the U.S.

However, their resistance to other modes
of degradation such as transgranular stress
corrosion cracking (TGSCC) and corrosion-
assisted fatigue must be evaluated over the
wide range of water chemistries
encountered in reactor-coolant systems.

Fracture mechanics tests were
performed on Type 316NG SS to develop a
more extensive data base for crack growth
rates in this material and to better
understand the effects of water flow rate on
crack growth. CERT tests were performed
on Type 347 SS to evaluate the effects of
heat treatment on susceptibility to TGSCC.
Although the heat treatments do not
produce sensitization, variations in the
precipitate structure do appear to influence
susceptibility to TGSCC.

2.2
Technical Progress

2.21

Fracture Mechanics Crack Growth Tests
(W. E. Ruther, W. K. Soppet, J. Y. Park,
and T. F. Kassner)

Influence of Flow Rate on Type 316NG SS in
289°C Water

Fracture-mechanics crack-growth-rate
tests were performed to determine the
effect of water flow rate on the SCC behav-
ior of Type 316NG SS (Heat No. P91576) in
high-purity water with 0.2-0.3 ppm dis-
solved oxygen and in water containing 0.1
ppm of either nitrate or sulfate at this oxy-
gen concentration. As in previous tests,
the specimens were fatigue-precracked in
air at 289°C to provide 1-mm-deep starter
cracks before testing in water at this tem-
perature. A schematic of the system in
which the tests were performed is shown
in Fig. 1. Under high-flow-rate conditions,
the water was recirculated in the autoclave
at a rate of -0.5 L s-1 by means of a high-
temperature, high-pressure canned rotor
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Schematic of Autoclave System for Investigating the Effect of Water Flow Rate

on Crack Growth in Fracture-Mechanics-Type Specimens of Stainless Steels
under Low-Frequency Cyclic Loading.

pump. The water was directed across the
mouth of the crack in the upper specimen
by means of a 10-mm-diam orifice posi-

tioned as shown in Figs. 1 and 2; this
specimen was designated the high-flow-
velocity (HFV) specimen. When the

recirculation pump was in operation, the
flow velocity at the orifice was ~6.4 m s-1.
A Pulsa-feeder pump continuously injected
feedwater into the system at a rate of -1.7
x 10~4 Ls-1 (10 cm3 min-1) to maintain
the dissolved-oxygen concentration in the
water at the 0.2 to 0.3-ppm level. When
the recirculation pump was not in
operation, the flow velocity at the orifice
due to the injected feedwater was -0.002
ms-1. No (low was directed across the
crack mouth of the lower specimen, which

was designated the low-flow-velocity (LFV)
specimen; however, the linear flow velocity
of water in the autoclave was -0.05 m s-1
when the recirculation pump was in
operation. Thermal convection plus the
flow owing to the refreshment rate of water
in the autoclave produced the normal
“quasi-static” condition of water flow past
both specimens in one phase of the test.
The tests were conducted under low-
frequency, cyclic loading with a positive
sawtooth waveform at a frequency of 8 x
10~2 Hz and an R value of 0.95. The stress
intensity factors ranged from about 27 to
34 MPa-m1/2. Crack growth was deter-
mined from compliance measurements by
means of MTS clip gages attached to the
specimens.



Figure 2.

FLOW

Orientation of Flow Oirifice in Relation to the Fatigue Crack in the “High-Flow-

Velocitg” IT Compact Tension Specimen.

The results, shown in Table 1, indicate
that no crack growth occurred in the HFV
specimen under any of the water chemistry
and How conditions over a time period of
-6400 h. During test periods 1 and 3-5,
the recirculation pump was in operation,
and during test period 2, the pump was
turned off to decrease the flow velocity past
the crack mouth of this specimen. As
indicated in the table, crack growth did not
initiate in this specimen during the -1000-
h period under the low-flow condition.

In contrast, the crack growth rate in
the LFV specimen was 3 x 10-10 and -1 x
1010 m s-1 in high-purity water during
test periods 1 and 3, respectively. The
crack growth rate when 0.1 ppm of either
nitrate or sulfate was added to the
feedwater (periods 4 and 5) was -8 x 10-11
ms-1. These values are in excellent
agreement with previous results on this
material under the same water chemistry
conditions.! The crack growth rate of the
LFV specimen was lower by approximately
one order of magnitude during test period
2, in which the recirculation pump was
turned off. At present, we have no
explanation for this result: however, the
decrease in the crack growth rate cannot be
attributed to a low dissolved-oxygen
concentration in the water since the
electrochemical potential (ECP) of the

stainless steel was -80 mV(SHE) and the
effluent oxygen concentration remained in
the 0.2 to 0.3-ppm range.

The observation that the specimen
exposed to a high-velocity flow of water
across the crack mouth did not undergo
SCC may be attributed to the absence of a
macrocell corrosion process between the
mouth and tip of the crack under this
condition. In other words, the water
chemistry at the crack tip was similar to
that in the bulk solution, in contrast to the
conditions at the tip of an active stress cor-
rosion crack, where acidification and
deoxygenation of the water facilitate anodic
dissolution of the metal during repeated
film rupture events.

Figure 3 shows the morphology of the
fatigue and stress corrosion cracks in the
two specimens in which the effect of the
water flow rate on SCC was explored. The
compact tension (1TCT) specimens were
sectioned vertically, and half of each
specimen was split in the plane of the crack
at liquid nitrogen temperature to reveal the
fracture surface. The corrosion-product
film was removed from the fracture surface
by the APAC process2-3 [i.e., by exposure of
the specimens for 2 h in a gently boiling
alkaline permanganate solution (20%
NaOH, 3% KMnCU), followed by a hot rinse



Table 1. Crack Growth Results for Two Type 316NG SS Specimens3 during an Experimentb at 289°C in Which
the Flow Rate of Water in the Autoclave Was Altered to Change the Flow Past the Specimens

Electrode Potentials

Overall mV(SHE) Results for HFV Specimend Results for LFV Specimen6
Flow
Test Interval, Rate,c Cond., Rmax’f 3av. Rmax-f 3av.
Period h L' s"¥fc pS/cm 304 SS Pt MPa- m1/2 m s™ MPa- m1/2 m s'
1 O- 0.5 0.13 75 — 27.2 -0 32.1 3.0 x 1Q’10
1707
2 1707- 0.01 0.12 80 85 27.2 -0 32.2 2.5 x 10-H
2884
3 2884- 0.5 0.15 140® 160® 27.2 -0 33.2 1.1 x 10-10
4273
4 427 3- 0.5 0.77h 2006 215® 27.2 -0 33.7 8.4 x 10-H
5379
5 5379- 0.5 0.80> 190 220 27.2 -0 34.4 7.9 x 10-H
6387

aCompact tension specimens (1TCT) of Type 316NG SS (Heat No. P91576) received the following heat treatment: solution anneal at
1050°C for 0.5 h plus 650°C for 24 h (EPR = 0 C/cm2).

bFrequency and load ratio, R, for the positive sawtooth waveform were 8 x 102 Hz and 0.95, respectively. Effluent dissolved-oxygen
concentration was 0.2-0.3 ppm.

cHigh-pressure, high-temperature recirculation pump operated during test periods 1 and 3-5: thermal convection coupled with the
reiresnment flow rate of 0.6 L- ir!l (~1.7 x 10-4 L- s-1) provided flow during test period 2.

dLocal flow velocity at crack mouth was -6.4 m- s! during test periods 1 and 3-5, and -0.002 m s-1 during test period 2.
eNo flow directed across crack mouth: linear flow velocity in the autoclave was -0.05 m- s_1 during test periods 1 and 3-5.
f Stress intensity value at the end of the test period.

g Electrolyte in the reference electrode was replaced for this segment of the experiment.

hHNC>3 (0.12 ppm) added to the feedwater.

i H2SO4 (0.10 ppm) added to the feedwater.



Figure 3.

HIGH FLOW VELOCITY SPECIMEN

(6.4 m-1)

LOW-FLOW-VELOCITY SPECIMEN

ENTFE CRACK AT B/2

Micrographs oj the Initial Fatigue Crack in the “High-Flow-Velocity" Specimen
(No. E02) and the Transgranular Stress Corrosion Crack in the “Low-Flow-
Velocity” Specimen (No. E03) of Type 316NG SS (Heat No. P91576) after

Simultaneous Exposure to Low-Frequency Cyclic Loading under Simulated BWR
Water Chemistry Conditions at 289°C.



and then 2 h in a dibasic ammonium citrate
solution] 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 macrobranching of the crack
had occurred during the test. In addition,
the total crack lengths at the end of the
tests were measured and compared with
the values obtained from the clip gages.

The micrographs in Fig. 3 indicate that
the crack path and fracture surface
morphology of the Type 316NG SS
specimen exposed to a low flow velocity
was transgranular, as in previous
specimens.4 TGSCC is invariably the mode
of crack propagation in this material during
CERT experiments.5’6 In the LFV
specimen, the crack front progressed
uniformly from the outer edge to the half-
thickness (B/2) of the material with
minimal edge effects, as indicated in the
lower left-hand photograph in Fig. 3.

The micrographs of the crack front
and the polished section of the Type
316NG SS specimen subjected to a
relatively high flow velocity across the
crack mouth indicate that no SCC occurred
from the base of the fatigue precrack. This
is consistent with the compliance
measurements of the crack length, which
also indicated that no crack growth had
occurred.

¢

The results of this experiment suggest
that a high flow velocity of water past the
crack mouth prevents SCC initiation, but no
information on the influence of flow
velocity on crack propagation under high-
and low-flow-rate conditions was obtained.
Another test is planned in which SCC
cracks will be initiated in both specimens
under “quasi-static" low-flow conditions
and then a high flow velocity will be
imposed across the crack mouth of one of

the specimens. The response of this
specimen to alternate periods of high and
low flow velocities will quantify the effect of
this variable on crack propagation and
establish whether periods of high flow
velocity decrease the crack growth rate or
significantly delay the onset of crack
growth under subsequent low-flow
conditions.

Development of Baseline Fracture Mechanics
Crack Data

Fracture-mechanics crack-growth
tests have been performed on two 0.7T
compact tension specimens, one of CF3M
cast SS (specimen No. CTC24-1) and the
other of Type 316NG SS (Heat No.
D440104, specimen No. 104-1). The
ferrite level of the cast material was 5%, as
determined by magnetic permeability mea-
surements. The specimens were first pre-
cracked in high-temperature water with
0.2-0.3 ppm oxygen and 0.1 ppm sulfate at
289°C under a cyclic load (sinusoidal wave
shape, 0.1 Hz) of R = 0.25. During the
precracking, the specimens were
inadvertently overloaded to a maximum
stress intensity of 43 MPa-m1/2 for the
CF3M SS and 38 MPa-m1/2 for Type 316NG
SS. Crack growth testing was then
attempted in the same environment under
a cyclic load (sawtooth wave shape, 12-s
rise and 1-s fall time) with R = 0.95 at a
maximum stress intensity of 30 MPa-m1/2
for CF3M SS and 27 MPa-m1/2 for Type
316NG SS. No crack propagation was
observed in either of the specimen for 740
h. The crack growth test was interrupted
and the specimens were fatigue precracked
again in the same environment under a
cyclic load (sinusoidal wave shape, 0.1 Hz)
of R = 0.4 at a lower maximum stress
intensity of 25 MPa-m1/2. During 196 h of
precracking, the cracks propagated 1.44
mm in the cast SS and 0.41 mm in the
Type 316NG SS. This gives an average
crack growth rate of 2 x 10~9 m-s-1 for the



cast SS specimen and 6 x 10-10 m-s-1 for
the Type 316NG SS specimen. Crack
lengths were measured by the d.c. electric
potential and compliance measurement
techniques. The measurements obtained
by the two techniques were in good agree-
ment. The values obtained for the cast SS
specimen by the d.c. potential and the
compliance techniques were 1.44 and 1.35
mm, respectively.

As a result of the crack growth, the
maximum stress intensity values increased
to 28 MPa-m1/2 for the cast SS and 26
MPa-m1/2 for the Type 316NG SS
specimens. The crack growth test was
resumed under a cyclic load of R = 0.95 at
these maximum stress intensity values;
however, the specimens were accidentally
overloaded again and the test was ter-
minated. The test will be resumed with a
new set of O0.7T compact tension
specimens prepared from the same heats
of materials.

2.2.2
Constant Extension Rate Tests
(P. S. Maiya)

CERT results for several heats of Type
316NG SS (see Table 2 for chemical
compositions) reveal significant variations
in susceptibility to SCC. Typical results are
shown in Table 3. No simple correlation
has been found between the resistance to
crack growth and the minor variations in
chemical composition among these heats.

It is known that susceptibility to
TGSCC in chloride solutions decreases
significantly as the concentration of nickel
in the alloy increases.7 However, the
results in Table 3 indicate that TGSCC of
the different heats of steel in the sulfate
solution does not correlate with nickel
content.  Silicon, beryllium, and copper
also appear to be “beneficial" insofar as

resistance to chloride cracking is
concerned.7-8 The effect of silicon on SCC
of low-carbon (<0.02 wt.%) austenitic
stainless steels in boiling 42% MgCl2 solu-
tion has been investigated by Hochman and
Bourrat.8 Their results suggested a
consistent increase in resistance to
cracking with increases in silicon content
from 0.06 to 4.0 wt.%. Although the
chloride and sulfate environments in the
present tests are very different from the
MgClz environment, the results obtained
from several heats show a similar trend.
For example, in the experiments summa-
rized in Table 4, the heat with the lowest
silicon content (Heat No. 08076) is
relatively susceptible and the heat with the
highest silicon content (Heat No. 467958)
is the most resistant. However, the
Sumitomo heats, with approximately the
same silicon content, still show a
significant variation in TGSCC suscepti-
bility, which suggests that other residual
elements influence the SCC behavior.

Several heats of Type 316NG SS were
analyzed to determine whether the origin
of heat-to-heat variations can be attributed
to the presence of trace elements such as
P, S, Cu, V, Ti, and Pb. The results of the
analyses are shown in Table 5. No
correlation between cracking susceptibility
and residual elements has been found.

CERT tests have also been performed
on 5 different heats of Type 347 SS. The
chemical compositions of these heats are
shown in Table 6. Specimens from Heat
Nos. 174100 and 170162 were tested in
the welded condition in water containing
0.25 ppm dissolved oxygen and 0.1 ppm
sulfate (added as acid) at strain rates
between 10-6 and 10-7 s_1. These results
have been reported previously.9 In these
specimens, failure always occurred in the
base metal outside of the heat-affected
zone. As expected, an additional



Table 2.

Element3

Mn

Si
Ni
Cr
Mo
Cr

B

Chemical Compositions (wt.%) of Different Heats of Type 316NG SS

P91576

0.015
1.63
0.02
0.01
0.42
10.95
16.42
2.14
0.068
0.002

467958

0.02
1.51
0.029
0.008
0.635
12.74
17.14
2.43
0.16
0.069
0.002

aBalance is Fe for all heats.

08056

0.02
1.55
0.022
0.0185
0.295
11.00
16.37
2.09
0.33
0.075
0.0005

59076

0.018
1.44
0.022
0.018
0.60
12.83
17.41
2.48
0.48
0.0715
0.0008

NDE-28

0.014
1.77
0.02
0.002
0.52
13.58
17.79
2.59
0.11
0.11
0.0006

Four

Sumitomo Heats

0.012-0.019
1.66-1.75
0.011-0.018
0.002-0.002
0.45-0.49
12.85-13.35
17.29-17.91
2.3-2.59
0.05-0.12
0.098-0.1
0.005-0.008

Table 3. Heat-to-Heat Variations in SCC Susceptibility

Heat No.

P91756
467958
08056
59076
NDE-28
D440104
D472701
D442604
D450905

of Type 316NG SSa

474.0
577.0
641.0
398.1

653.0
712.0
647.0
669.0
664.0

Ef.
%

341

41.6
46.0
28.7
47.0
51.0
46.6
48.2
47.8

°max*
MPa

461

501

390
487
470
464
455
463
468

A\V4
m-s_1

7.35 x

4.38 x
3.83 x
1.28 x
3.49 x
2.97 x

7.41 x

10-10

10-10
10-10
10-9

10-10
10-10

10-H

aAll specimens were heat treated for 1050°C/0.5 h + 650“C/24 h.
Tests were conducted in water with 0.25 ppm dissolved
oxygen and 0.1 ppm sulfate, at 289°C and a strain rate of

2 x

10-7 s-1.
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Table 4. Effect of Si Content on Crack Growth Rate of Type 316NG SSa

Heat
No.

08076

P91756

467958

Si.

wt.%

0.295

0.42

0.635

2 x 10-6

2 x 10-7

2 X 10-6

2 X 10-7

2 x 10-6

2 x 10-7

Oxygen and Impurity
Content in Water,

ppm

8 02 + 0.5 ClI-

0.25 02 + .1 SO2»

8 02 + 0.5 CI-

0.25 02 + 1 SOV~

8 02 + 0.5 CI-

0.25 02 + 1

S02-

aav
m-s_1

3.74 x 10-9
4.38 x 10-10
2.30 x 10-9

7.35 x 10-10

aCERT specimens were heat treated for 1050°C/0.5 h + 650°C/24 h prior to tests.
All tests were performed at 289°C.

Heat No.

P91756
467958
08056
59076
NDE-28
D440104
D472701
D442604
D450905

aZr, Zn. and A1 are present at levels of <0.01 wt.%.

Table 5. Trace Element Analysis (wt.%) for Type 316NG SS

0.016
0.024
0.021
0.015
0.013
0.015
0.02
0.016
0.014

0.011
0.006
0.022
0.02

0.002
0.002
0.003
0.002
0.004

Pb

0.002
0.002
0.002
0.002
0.002
0.003
0.002
0.002
0.002

0.19
0.16
0.34
0.43
0.10
0.11
0.07
0.06
0.05

0.05
0.04
0.07
0.08
0.02
0.05
0.04
0.06
0.04

0.0035
0.0032
0.0008
0.002

0.0008
0.0006
0.0008
0.0009
0.0009

0.01
<0.01
<0.01

0.03
<0.01
<0.01
<0.01

0.01

0.01



Table 6. Chemical Compositions (wt.%) of Different Heats of Type 347 SS

Element® 174100 170162 869962
C 0.03 0.03 0.04
Mn 1.7 1.7 1.56
P 0.036 0.012 0.017
S 0.015 0.019 0.0020
Si 0.33 0.43 0.46
Ni 11.0 10.75 9.69
Cr 18.15 18.53 18.34
Mo 0.48 0.35 0.18
Cu 0.12 0.1 0.05
N 0.029 0.0212 0.0193
B 0.005 0.0005 0.002
Nb 0.44 0.51 0.60

aBalance is Fe for all heats.
b Filler material.

500°C/24 h heat treatment had no effect
on susceptibility to TGSCC.

Specimens from three additional heats
(Heat Nos. 869962, LPN, and 316642)
were tested under similar environmental
and loading conditions. The CERT
specimens were solution-annealed at
1050°C for 0.5 h and quenched, and then
heat treated at 650°C for 24 h. The CERT
results for these materials, along with the
previously reported results on the other
heats, are summarized in Table 7. Except
for Heat No. 316642, all the heats of
material were susceptible to TGSCC.
However, susceptibility was observed only
at strain rates of <5 x 10-7 s-1, which are
lower than those generally required to
induce TGSCC in Type 316NG SS in these
environments.

The strain rate at or below which SCC
occurs is the (upper bound) critical strain
rate. Above this critical strain rate, purely
mechanical failure dominates. In this
regime, there is a linear relationship
between the time to failure and the applied
strain rate corresponding to the
mechanical failure. For applied strain rates
less than the critical strain rate, the
relationship between the time to failure
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LPN 316642 30316b
0.019 0.03 0.017
1.581 1.56 1.61
0.014 0.023 0.018
0.005 0.014 0.002
0.23 0.29 0.8
9.28 10.81 10.85
18.68 18.06 19.53
0.01 0.29 0.03
0.01 0.09 0.04
0.069 0.021 -
0.001 0.0009 -
0.25 0.60 0.61

and the applied strain rate is nonlinear
(i.e., the slope is less than one on a log-log
plot of the time to failure versus the
applied strain rate). This upper-bound
critical strain rate depends on the material
and the environment. The Ilower the
critical strain rate, the more resistant the
material is to SCC.

The critical strain rates for sensitized
Types 304 and 316 SS and 316NG
(nonsensitized) SS are identified in Fig. 4.
In terms of the critical strain rate. Type
316NG SS is more resistant to SCC than
sensitized Types 304 and 316 SS. Type
347 SS is somewhat superior to Type
316NG SS in terms of this measure of
resistance to SCC.

As the results in Table 7 indicate. Heat
No. 316642 of Type 347 SS is extremely
resistant to SCC in the sulfate solution after
heat treatment at 1050°C/0.5 h followed by
650°C/24 h. To determine whether
different heat treatments or different
thermomechanical histories have an effect
on TGSCC susceptibility, CERT specimens
from this heat were also prepared from
welded plate. These specimens
(designated as K2W—X) were fabricated
such that the weld interface was located



Table 7. Heat-to-Heat Variations In SCC Susceptibility of Type 347 SS

e, tf. cmax' ®av* SS Potential,
Test No Heat No. s" h MPa Failure m-s i mV(SHE)
263 174100 1x 10 6 65.5 432 Ductile 0 21
274 174100 5x 10-7 114.5 417 TGSCC 1.63 x 10 9 94
272 174100 2 x 10-7 301.5 448 TGSCC 1.10 x 10-9 -8
275 174100 1 x i0-7 574.5 451 TGSCC 7.58 x 1010 55
301 170162 tx 10 6 55.7 427 Ductile 0 84
305 170162 5x 10-7 114.1 430 Ductile 0 91
310 170162 2 x 10-7 250.5 471 TGSCC 5.50 x 10-10 22
349 869962 t x 10-6 94.5 460 Ductile 0 22
350 869962 5x 107 182.8 466 TGSCC 3.80 x 10->0 34
348 869962 2 x 10-7 442.0 472 TGSCC 2.97 x 10-1° 80
364 316642 1 x io-6 100.0 438 Ductile 0 _i
365 316642 5x 107 198.0 444 Ductile 0 3
367 316642 2x 107 487.0 443 Ductile 0 -87
382 LPN tx 106 93.8 452 Ductile o 86
380 LPN 5x 10 7 174.8 459 TGSCC 1.22 x 10-9 90
377 LPN 2x 107 530.5 460 TGSCC 9.83 x 1010 -54

aAll tests were performed in water with 0.25 ppm dissolved oxygen and 0.1 ppm sulfate at 289°C.

THT TTTTH

TYPES 316 NG ,316 8 304 SS (289°C)
0.2 ppm O2 + 0.1 ppm SO!

—316 NG SS, €c~ | * ICT6 '
(EPR = 0 C/cm2. TGSCC)

316 SS.ec= 2 x 10-6 s_|
(EPR = 17 Clcm2, IGSCC)

(EPR = 24 C/cm2, IGSCC)

Lreen R

STRAIN RATE (s_I)

Figure 4. Time To Failure as a Function of Applied Strain Rate, Showing the Upper Bound
Critical Strain Rate for SCC.
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approximately in the center of the gage
section (as in the welded specimens from
Heat Nos. 174100 and 170162), and tested
at the same strain rates as those used for
the base metal. The specimens were tested
both in the as-welded condition and after a
subsequent 500°C/24-h heat treatment.
The results of these tests are given in Table
8 along with results for the base metal
specimens (designated as K2—X). No
cracking is observed in the weld specimens
at strain rates of either 1 x 10-6 or 5 x 10~7
s-1, although the strains to failure are lower
by approximately 50% for the weldments, as
expected. However, at a strain rate of
2 x 10-7 s-1, cracking occurred in the weld
specimen but not in the base metal speci-
men. The crack was located in the base
metal relatively far from the weld. Although
a very low critical strain rate was observed
for this material, the average crack growth
rate for specimen no. K2W-3 is greater than
the crack growth rate observed for speci-
mens from other heats of Type 347 SS
(Heat Nos. 174100, 170162, and 869962)
by a factor of -2-8.

Additional tests were performed on material
from Heat No. 316642 in the solution-
annealed condition (1050°C/0.5 h, water
quenched) at strain rates of 2 x 10-7 and 1
X 10-7 s-1. The results of these tests are
summarized in Table 8. The material,
which is extremely resistant to TGSCC in
the aged condition, becomes susceptible to
TGSCC in the solution-annealed condition.
Although heat treatment at 650°C/24 h
appears to increase resistance to cracking, a
specimen with a heat treatment of
600°C/24 h cracked at about the same rate
as the solution-annealed material.
Similarly, the crack growth rates for the
specimens in the as-welded condition are
not significantly affected by an additional
500°C/24-h heat treatment.

14

To better understand the possible
effects of heat treatment on susceptibility to
SCC, specimens from three heats of Type
347 SS (Heat Nos. 174100, 170162, and
869962) were metallographically prepared
and electrolytically etched with 10% oxalic
acid, and the precipitate size and mor-
phology were examined by SEM. All the
heat-treated specimens contain
precipitates (Fig. 5), which were Nb-rich as
determined by energy-dispersive x-ray
analysis (Fig. 6). The precipitates are less
than a micrometer in diameter. As is shown
in Fig. 5, the crack growth rates appear to
decrease with an increase in precipitate
size.

The increased resistance to crack
growth with an increase in precipitate size
is consistent with the idea that precipitates
offer resistance to slip and hence can retard
the film rupture process that is generally
involved in the crack growth process.
Qualitatively, alloys in which dislocation
movement is coplanar are the most
susceptible to TGSCC in boiling MgClz2 solu-
tion.10 The relative character of the slip
process (planar versus cross slip) depends
on the nature of the alloying elements and
the presence or absence of a precipitate
structure. The relationship between some
of the alloying elements and stacking fault
energy (SFE), as determined by Douglass et
al.,10 is shown in Fig. 7. The general trend
shows that SFE increases with nickel
content. This is consistent with
observations that SCC susceptibility
decreases with an increase in nickel
content. The results also show that the
presence of Nb (or Ti) in solid solution
markedly decreases SFE; this effect should
increase susceptibility to TGSCC as a result
of the increased slip planarity. Our CERT
results on solution-annealed Type 347 SS
are at least qualitatively consistent with the
above mechanistic ideas.



Table 8. Effect of Heat Treatment on SCC Susceptibility of Type 347 SSa

Test Specimen e tf. Ef. £u, Omax. AA/Ao,

No. No. S" h % % MPa %

Heat treatment: 1050°C/0.5 h + 650°C/24 h (air cooled)

364 K2-Ib 1 x 10-6 100 36.0 28.8 438 59
365 K2-2 5x 10-7 198 35.6 30.1 444 63
367 K2-3 2 x 107 487 351 28.8 443 55

Heat treatment: 1050°C/0.5 h + 600°C/24 h
408 K2-7 2 x 10-7 320.0 23.0 20.4 435 16
Heat treatment: 1050°C/0.5 h (water quenched)
399 K2-6 2 X io-7 478.5 34.5 32.0 444 45
398 K2-5 1 X io-7 923.0 33.2 30.5 446 22

Heat treatment: As welded + 500°C/24 h

387 K2wW-2( 1 X io-6 50.5 18.2 11.5 445 54
385 K2W-1 5 x io-7 126.9 22.8 17.3 455 54
389 K2W-3 2 x io-7 184.0 13.2 10.4 455 46
396 K2w-4 2 x 10-7 210.0 15.1 13.2' 454 21

Heat treatment: As welded

397 K2wW-5 2 x 10-7 307.0 221 191 456 39

aAll tests were performed in water with 0.25 ppm dissolved oxygen and 0.1 ppm sulfate at 289°C.
ASpecimens numbered K2-X: base metal.
¢ Specimens numbered K2W-X: weldment.
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INTENSITY

Figure 6.

Figure 5.

Precipitate Distributions in Type
347 SS and Corresponding
Crack Growth Rates.

X-RAY ANALYSIS OF PRECIPITATES IN TYPE 347 SS

ENERGY -----—

X-Ray Analysis ofa Typical Precipitate Observed in Heat No. 869962.
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1% Nb IN SOLUTION

Nb OR Ti IN SOLUTION

Figure 7.  Effect of Nickel on Apparent Stacking Fault Energies of Austenitic Alloys
Containing 20 wt.% Cr (Adapted from Reference 10). Arrows indicate lowering
of stacking fault energy by Nb in solid solution resulting from solution-annealing
heat treatment.

2.2.3 margin for low-alloy A-516 steel also

Fatigue of Type 316NG Stainless Steel decreased significantly in BWR

(W. J. Shack and W. F. Burke)

Residual-life assessment reviews for LWRs
indicate that Ilow-cycle fatigue is a
potentially significant degradation
mechanism in LWR primary piping, which
must be considered to justify extended
operation of the plant.11 Current fatigue
design for this piping is based on the ASME
Section Ill Fatigue Design Curves.12 Envi-
ronmental effects are not explicitly consid-
ered in these curves. Instead, the design
curves are obtained by introducing a factor
of 2 on the strain range or 20 on the cycles
from the mean life curve, whichever is more
conservative. Studies by General Electric
under EPRI sponsorship13 show that the
effect of the standard BWR environment on
the fatigue life of A106-GrB and A333-Gr6
can completely erode the “2 or 20” margin
in the Code Design Curve, as shown in Fig.
8. Other work has shown that the design
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environments.14 However, ongoing work
under USNRC sponsorship has shown that
PWR environments appear to have much
less effect on cyclic crack growth in A106-
GrB material than BWR environments.15

Environmental effects on the fatigue life
of Types 304 and 304L SS were investigated
in the Dresden | reactor with bend
specimens rather than conventional uniaxial
specimens.14 Even though the plastic strain
ranges in these tests were fairly high (0.5,
0.75, and 1.0%), the BWR environment had
a significant effect on sensitized materials
under both fully reversed loading (equal
compression and tension) and zero-tension
loading in these tests. As shown in Fig. 9,
the environment significantly affected the
as-received materials only under zero-
tension loading. It is possible that envi-
ronmental degradation would be even more
significant at lower strain ranges.
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Figure 8. Comparison of Fatigue Test Results for Carbon Steel Fatigue Specimens and
Pipe Test Specimens at 288°C (550°F) with the ASME Section Ill Design and

Mean Data Curves (Adapted from Reference 13).
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Figure 9. Comparison of Fatigue Test Results on As-received Type 304 SS in the Dresden
| Reactor with the ASME Section Ill Design and Mean Data Curves (Adapted

from Reference 14).
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A limited number of tests were
performed to evaluate the fatigue behavior of
Type 316NG SS in work sponsored by the
BWR Owners Group to developed alternative
alloys for BWR piping systems.16 Although
all the data were above the ASME Section
Il Design Curve, as shown in Fig. 10, it
appears that the environment eliminated a
substantial portion of the safety margins
built into the Code.

The objective of the current work is to
provide additional information on the
effects of operating temperature and
environment on the fatigue behavior of Type
316NG SS. The data obtained will be used
to assess the degree of conservatism
inherent in the ASME Code Section Il
Fatigue Design Curves for this material. It
may also be needed for decisions on life
extension beyond the current 40-year
design life.

The material for the test program is
Type 316NG SS from 22-in.-diam pipe
manufactured by Sumitomo. It is actually a
stub from the new recirculation piping
system installed at the Cooper BWR. The
specimens are fabricated from the piping
material with no additional heat treatment
so that the condition of the material is as
close as possible to the actual piping
material.

The fatigue tests will be performed in
autoclaves of the type that have been used
for our CERT tests. Schematics of the
autoclave system and the specimen design
are shown in Figs. 11 and 12, respectively.
The fatigue specimens are much longer
than the CERT specimens so that the
connections to the load frame can be made
outside the autoclave. This eliminates the
need for threaded connections, which make
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specimen alignment difficult. The tests will
be performed in MTS servohydraulic load
frames with MTS hydraulically actuated

grips.

Baseline in-air tests are being per-
formed with the same specimen design and
loading systems that will be used for the
tests in the LWR environment. Prior to the
start of the fatigue tests, preliminary studies
were performed on specimens instru-
mented with strain gages to ensure that
excessive bending strains would not occur.
Two 0.375-in.-diam specimens, one with a
center gage section of 0.750 in. and one
with a center gage section of 0.937 in., were
instrumented and tested to determine the
bending strains as a function of the axial
strain range. The tests were performed in
stroke control. The specimens were loaded
to a given stroke value and cycled. Strain
gage readings were made at the peak tensile
and compressive stroke positions after one
cycle and then repeated after an additional
ten cycles. At a few levels, readings were
repeated after additional cycles, but the
number of cycles was restricted to avoid
fatigue of the cement bonds between the
gages and the specimens. The results for
the two specimen types are summarized in
Table 9. The relative bending, i.e., the
maximum bending strain divided by the
axial strain range, in the 0.937-in. gage-
length specimen is satisfactory (<0.03) for
axial strains up to -0.75%. The relative
bending in the 0.750-in. gage-length
specimen was satisfactory over the entire
strain range investigated (0-1.6%); the test
was terminated because of a failure of a bond
between one of the gages and the specimen.
The 0.750-in. gage-length specimen design
will be satisfactory over the strain range of
possible interest and was selected for the
fatigue test program.



ASME MEAN DATA 316L AND 3I6NG SS INITIATION SPECIMENS

CURVE A HT NO 03252 _
1000 V HT NO. 037041 4 CPH 8ppm O;

INITIATION SPECIMEN SURFACE CONDITION
SMOOTH REDUCED SECTION (32 7/03)
5% COLD ROLLED (SMOOTH)

GRAIN BOUNDARY DITCHED
GROUND REDUCED SECTION (125 yRMS)

> > D> >

6:=0.75%

ASME DESIGN CURVE

STRESS AMPLITUDE, ksi

E = 26 x 105 ksi

CYCLES TO FAILURE

Figure 10. Comparison of Fatigue Test Results on Type 316NG SS in Simulated BWR
Environments with the ASME Section Il Design and Mean Data Curves

(Adapted from Reference 16).

INSULATED STAINLESS ELECTRODE
(SAME MATERIAL AS FATIGUE SPECIMEN)

ELECTROCHEMICAL 'FORCE
SEAL

VOLTMETER 25-mm-OD STAINLESS TUBE
sHEATING WIRE
*FATIGUE SPECIMEN

CALROD HEATER

ROOM TEMPERATURE PREHEATER
Ag/Ag Cl ELECTRODE WATER
EXIT HIGH-PRESSURE
WATER FLOW
SEAL 600-1200 cm3/h

FORCE

Figure 11. Schematic of Autoclave Test System for Fatigue Tests in LWR Environments.
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Figure 12.
—m3/8 S/Ii Fatigue Test Specimen.

A RADIUS OF SHOULDER 1-1/2

DIMENSIONS IN INCHES

Table 9. Relative Bending (Maximum Bending Strain/Axial
Strain Range) in Specimens with Two Different Gage

Lengths
Stroke (mils) Strain range (%) Relative Bending
0.750-in. Gage Length
0.63 0.036 0.006
1.5 0.088 0.003
3.0 0.179 0.007
6.0 0.606 0.026
7.0 0.763 0.019
8.0 0.913 0.016
9.0 1.051 0.015
10.0 1.188 0.013
11.0 1.322 0.016
12.0 1.476 0.021
13.0 1.644 0.022
0.9375-in. Gage Length
a 0.037 0.011
1.5 0.087 0.011
3.0 0.177 0.011
4.5 0.330 0.033
6.0 0.546 0.011
7.0 0.672 0.012
8.0 0.822 0.029
9.0 0.943 0.041
10.0 1.100 0.061

aNo stroke measurement was recorded for this strain range.

21



Baseline tests in air at room tem-
perature (~22°C) have been completed.
The results of these tests are summarized
in Table 10. Figure 13 compares these
results with the design curve for austenitic
stainless steels in ASME Section Il and
with the ASME mean data curve.17 The
results are in good agreement with the
mean data curve for fairly short lives
corresponding to plastic strain ranges of
greater than 0.5%, but they fall below the
mean data curve at longer lives. This does
not necessarily indicate that the fatigue
strength of the Type 316NG SS is less than
that of Type 304 SS. The mean data curve
is based almost entirely on tests with lives
of less than 105 cycles.17 The mean data
curve at lower linear stress amplitudes was
obtained by extrapolation of the available
data. The results for Type 316NG SS are
close to the actual data for Type 304 SS.

The departure from the mean data curve
occurs only for the portion of the curve that
is extrapolated beyond the range of the
supporting data base.
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Effect of Surface Cold Work on Crack
Initiation in Alternative Alloys (J. Y. Park)

Crevice bent-beam SCC tests on Type
316NG SS (Heat No. P91576 plate and
Heat No. NDE-28 pipe) are continuing in
high-purity water with 0.2-0.3 ppm
dissolved oxygen at 289°C. The specimens
from Heat No. P91576 were fabricated
from 1-in.-thick plate and shot peened to
three different levels. Some of these
specimens were furnace heat treated for
24 h at 500 or 600°C after the shot
peening. The specimens from Heat No.
NDE-28 were fabricated from the inside

Table 10. Cycles to Failure as a Function of
Strain Range for Room Temperature
Strain-controlled Fatigue Tests on
Type 316NG SS

Test Strain Range, Cycles
Number % to Failure
1390 0.75 25,736
1391 1.0 13,561
1392 0.5 60,741
1393 0.4 127,386
1394 1.5 4,649
1395 0.35 183,979
1396 0.75 30,000
1397 0.30 347,991
1398 0.27 -666,000
1399 0.25 a
1400 0.25 -1,775,000

aTest 1399 failed at -1,900,000 cycles because of an

equipment malfunction.
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on Fatigue of Type 316NG SS at Room

Temperature in Air with the ASME Section Il Design and Mean Data Curves.

diameter of the pipe near the weld heat-
affected zone. Specimens and specimen
holders (Fig. 14) are designed to provide a 0
to 0.25-mm crevice and 15% total strain.
The accumulated test time has reached
3000 h. The tests will be interrupted at an
accumulated test time of 5000 h and the
specimens will be examined for evidence of
SCC.

3
Influence of Water Chemistry on
SCC of Type 304 SS

3.1
Introduction

The objective of this work is to evaluate
the potential effectiveness of proposed
actions to solve or mitigate the problem of
IGSCC in BWR systems through
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modifications of water chemistry. In this
regard, the effects of dissolved oxygen
(produced by radiolytic decomposition of
the water), anion impurities (e.g., oxyacids
from decomposition of ion exchange resins
during intrusions into the primary system),
and several corrosion-product cations on
the IGSCC susceptibility and crack growth
properties of austenitic stainless steels have
been evaluated. The potential benefits asso-
ciated with small additions of hydrogen to
the coolant were also evaluated under
conditions in which ionic impurities (viz.,
oxyanions) were also present at low
concentrations in the high-temperature
water.

The results of this work suggest that
SCC of the sensitized steel is controlled by
the rate of cathodic reduction of dissolved
oxygen, various oxyanion impurity species.
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and Cu2+ in the high-temperature water. 18~
21 The crack growth behavior of the steels
was correlated with the type and con-
centration of impurities in the water as well
as the open-circuit corrosion potential of
the steel.
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3.2
Technical Progress

3.21
Effect of Dissolved Copper on SCC (W. E.
Ruther, W. K. Soppet, and T. F. Kassner)

Metallic impurities (viz., corrosion
products) from the feedwater train are
transported in the reactor water along with
various ionic species that can enter BWR



coolant water from leaks in condenser tubes
and from the condensate polishing system
itself, including resin fines. In addition to
soluble and insoluble iron, copper is also
present in the water in plants with
admiralty brass, aluminum brass, or copper-
nickel condenser tubes and/or copper alloy
feedwater heaters. The copper concen-
tration in BWR water is of primary concern
from the standpoint of deposition on the
Zircaloy fuel cladding, which can lead to
crud-induced localized corrosion (CILC) and
fuel element failures at relatively low
burnup.22-23 The CILC failures occurred
primarily in (U,Gd)C>2 fuel rods in BWRs
with admiralty brass condensers and filter-
demineralizer condensate water cleanup
systems, which are not as effective as deep
resin beds for removal of copper from the
water.23

Copper corrosion products are also
present in secondary-system water of
pressurized water reactors (PWRs) and can
lead to pitting of steam generator tubes24-25
and contribute to accelerated corrosion of
carbon steel tube support plates.2ce-27 The
effect of copper species at Ilow
concentrations on the SCC of reactor
materials has not been studied as
extensively as that of other impurity
species; however, cupric ion at relatively
high concentrations in oxygenated2s (200
ppb) and deoxygenatedzo-21 (<5 ppb) high-
temperature water promotes IGSCC of
sensitized Type 304 SS. Cupric and
cuprous ion, in contrast to other cations
(viz., Zn2+, Mg2+, and Na+) that have a single
oxidation state, can contribute to SCC by
providing a cathodic-reduction partial
process that couples with the anodic
dissolution at the crack tip in a slip-
dissolution mechanismz29-30 for crack
growth.

During this reporting period, the effect
of cuprous chloride on the SCC
susceptibility of sensitized Type 304 SS was
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investigated at several temperatures
between 135 and 289°C. The CERT
experiments were performed in low-oxygen
(<5 ppb), near-neutral water to minimize
the contribution of other species that can
also undergo cathodic reduction (viz., O2
and HzO+). The role of pH in SCC
susceptibility of the steel, for several copper
concentrations in the feedwater, is also
being investigated at 200°C. The effect of
several organic ethylenediaminetetra-
acetate (EDTA) salts, in feedwater
containing o.2 ppm dissolved oxygen, on
the SCC characteristics of the steel was
determined at 289°C.

Effect of Temperature and Cut+ Concentration

Previous CERT results20-21 indicated
that the minimum Cu2+ concentration
required for severe IGSCC of the steel was a
function of temperature (e.g., ~1 ppm Cu2+
at 289°C and -0.1 ppm at 150°C). These
values are considerably higher than those
encountered in the feedwater of BWRs (<0.3
ppb)31 or in secondary-system water in
recirculating and once-through steam
generators of PWRs (<2 ppb).32 In BWRs
with feedwater heaters and/or a condenser
fabricated from copper-base alloys, the
reactor coolant water typically contains <35
ppb of copper.33-3a Consequently, Cu2+ at
low concentrations in the water would not
be expected to contribute to SCC of steel in
high-temperature regions of the reactor
coolant circuit. However, potential-pH
(Pourbaix) diagrams for the CU-H20 and Fe-
CU-H20 systemss4 indicate that the stability
regime for Cut increases at the expense of
Cu2+ as the temperature increases. Conse-
quently, Cut+ and Cu°® are the copper species
most likely to be present under the
potential-pH conditions found in both BWRs
and PWRs.

A series of CERT experiments was
performed to determine the minimum
concentrations of Cu+ in low-oxygen water



for SCC of sensitized Type 304 SS at
temperatures between 135 and 289°C. As
in the previous tests, the presence of other
species that can also participate in
cathodic-reduction partial processes was
minimized by adding Cut to the feedwater
as CuCl, which is only slightly soluble at
25°C. As in previous work, the open-circuit
corrosion potential (ECP) of Type 304 SS
and the redox potentials of platinum and
copper were determined versus an external
0.1M KCI/AgCI/Ag reference electrode and
the values were converted to the standard
hydrogen electrode. The effluent water was
collected, and the copper concentrations
were determined by inductively-coupled-
plasma (ICP) spectro-photometry analyses.

The feedwater chemistries, CERT
parameters, and ECP results are given in
Table 11. As in the case of the SCC data for
this material in water containing CuCla, the
failure mode of the specimens exhibits an
abrupt transition from predominantly
ductile fracture to IGSCC over a narrow Cu+t
concentration range at both 150 and 289°C
(see Fig. 15). At 200°C, the crack growth
rate of the steel increased with Cu+
concentration in the feedwater, as shown in
Fig. 16. The data are consistent with a line
of slope ~1, which is consistent with a
cathodic-reduction partial process of Cut +
e~ Cu° on the basis of the mass action
relationship for this reaction and the
heuristic relation according to which the
crack growth rate is proportional to I/[e_]
when the process is controlled by the rate
of cathodic reduction of molecular species
(e.g., O2) or ionic species (S04 , NO*, etc.)
in the water.18-19 Previous results at 150°C
indicated an increase in the crack growth
rate with the 1/2 power of the Cuz+
concentration over the range of -0.1 to 10
ppm, which is consistent with a two-elec-
tron process during the reduction of Cu2+ to
Cu=21
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The temperature dependence of the
crack growth rate of the steel in low-oxygen
water (<5 ppb) containing -1-2 ppm Cu+, a
concentration at which IGSCC occurred at
all temperatures between 135 and 289°C, is
shown in Fig. 17. The broad maximum in
the crack growth rate between -170 and
250°C and the decrease in IGSCC
susceptibility at both lower and higher
temperatures are similar to features of the
SCC behavior of the material in high-purity
water containing o.2 ppm dissolved oxygen
and in water with 0.1 and 1.0 ppm sulfate at
this oxygen concentration.ze-37 The crack
growth rate of the steel at -200°C in water
with -1-2 ppm Cut is higher by factors of
10 and 3 than in high-purity water with 0.2
ppm dissolved oxygen and in similarly oxy-
genated water with ppm sulfate,
respectively.

1

The temperature dependence of the
ECP of Type 304 SS, platinum, and copper
(Fig. 18) is also similar to that obtained in
low-oxygen water containing —1-2 ppm
Cu2+ and in oxygenated water with and
without sulfate at low concentrations.21 The
effect of Cu+ concentration in water
containing <5 ppb dissolved oxygen on the
ECP of Type 304 SS, platinum, and copper
at several temperatures is shown in Figs.'
19-21, respectively. The ECP values are,,
plotted versus both the Cu+ concentration
and the conductivity of the feedwater. Ttie
data points in low-oxygen, high-purity
water were obtained in the same facility as
the CERT data, and by analogous methods;
however, a CERT specimen was not strained
during the time period in which the steady-
state ECP values were determined at the
three temperatures. The results indicate
that ECP values of the three materials
increase as the Cut+ concentration or
conductivity of the feedwater increases. At
289°C, IGSCC occurred at Type 304 SS ECP
values of greater than -300 mV(SHE), as



observed when Cu2+ was added to the
feedwater.2o This value is consistent with a
range of ECP values of approximately -200

to -300 mV(SHE), above which IGSCC
occurs when other impurity ions are
present in low-oxygen water at this

temperature.1s 38 At 150 and 200°C, the
scatter in the ECP values for Type 304 SS is
somewhat greater than for the other
materials. In contrast to Type 304 SS or
copper, the ECP values of the platinum
electrode (Fig. 20a) vary over a wide range
[[400 to +300 mV(SHE)] as the Cu+
concentration of the water increases from
~0 to 2 ppm at 150 and 200°C.

Effect of pH in Several Cu+ Solutions at 200°C

The effect of pH on the SCC behavior of
sensitized Type 304 SS is being investigated
at 200°C in low-oxygen (<5 ppb) water
containing 0.1 and 1.0 ppm Cu+ added as
CuCl. The feedwater is altered by HC1 or
NH4OH additions to produce pH values in
the range of 3.6 to 8.7 at room temperature.
For comparison with the results in the acid-
chloride solutions containing Cu+, CERT
tests are also being conducted in the
deoxygenated water containing HC1 at low
concentrations corresponding to pH25°c
values between 3.6 and 5.7. Copper
concentrations in the effluent water are
being determined by ICP analyses.

The data reveal the following trends. At
a constant pH2s5°c of ~4.7 (e.g.,, -1.0 ppm
HC1), the crack growth rates of the steel in
water containing 0.1 and 1.0 ppm Cu+ were
larger by factors of -7 and 45, respectively,
compared to that in water without cuprous
ion. In deoxygenated water containing 0.5
to 10 ppm HC1 (pH25°c of 5.0 to 3.6), the
crack growth rate was relatively low, i.e..
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25 + 0.4 x 10-9 m s-1 at a strain rate of
1 x 10«6 s_1. At a pH25°c of <4.8, the efflu-
ent copper concentrations were higher than
the concentration in the feedwater because
of the dissolution of copper that deposited
in the piping and heat exchanger of the
CERT system during this series of
experiments. At a pH=2s5°c of 3.6 (10 ppm
HC1) and an effluent copper concentration
of - ppm, the crack growth rate of steel
was also larger by a factor of 45 compared
with water containing 10 ppm HC1. In a
basic solution containing 0.1 ppm Cut+ and
NH4OH (pH25°c = 8.7), the effluent copper
concentration was lower by a factor of 10
than in the feedwater and no SCC occurred.

On the basis of these results and
similar, previously reported21 information
obtained in water containing Cu2+, cuprous
and cupric ions at concentrations of >o0.1
ppm in high-temperature, low-oxygen
water strongly promote IGSCC of sensitized
stainless steel. These species undergo
cathodic reduction on the surface of the
steel, which couples with anodic dissolution
at the crack tip and leads to rapid advance
of the stress corrosion crack. Apparently,
the kinetics of the cathodic reduction
process for these ions are higher than for
other species at similar concentrations (e.g.,
dissolved oxygen or various oxyanions) since
the crack growth rates are, in general,
higher by a factor of 10 at a given strain rate
and temperature. The dependence of the
crack growth rates on the measured effluent
copper concentrations is being evaluated in
relation to the solubilities of Cu®, Cu+, and
Cu2+ and calculated pH values at the test
temperatures. The experimental and
calculated results will be presented in the
next semiannual progress report.



Table 11. Influence of Temperature and Cu+ Concentration on the SCC Susceptibility of Sensitized
Type 304 SS Specimens” in Water Containing CuCl at a Low (<5 ppb) Dissolved-Oxygen

Concentration

Feedwater Chemistry

Cation Concentration

CERT Parameters

Anion
Test Temp., Influent. Effluent/s Cone.,
No. °C ppm ppm ppm
237 135 2.0 1.53 1.10
228 150 0.1 0.09 0.06
220 150 0.3 0.22 0.17
229 150 0.8 0.66 0.45
232 150 2.0 1.23 1.10
243 170 0.02 0.02 0.01
238 170 0.05 0.05 0.03
234 170 2.0 1.05 1.10
231 200 0.02 0.06 0.01
227 200 0.05 0.05 0.03
212 200 0.1 0.15 0.06
223 200 0.1 0.07 0.06
219 200 0.3 0.38 0.17
213 200 0.5 0.55 0.28
230 200 0.5 0.42 0.28
214 200 0.8 0.76 0.45
211 200 1.0 0.94 0.55
226 200 2.0 0.90 1.10
233 250 2.0 0.78 1.10
215 289 0.8 0.52 0.45
216 289 2.0 0.73 1.10
217 289 5.0 1.46 2.75
218 289 10.0 3.65 5.50

Cond. Failure Maximum
at 25°C, pH at Time, Stress.
pS/cm 250C h MPa
7.60 5.90 67 406
0.68 6.20 154 520
1.41 6.14 150 534
3.30 6.07 66 432
7.60 6.26 77 420
0.36 6.29 146 504
0.46 6.18 89 440
7.50 5.98 36 310
0.44 6.31 81 430
0.49 6.22 o1 483
0.66 6.60 63® 504
0.63 6.25 89 476
1.43 6.26 85 447
2.30 5.97 95 476
2.10 6.08 39 297
3.60 6.00 47 298
4.40 5.92 25 254
7.70 5.94 24 245
7.50 6.31 33 256
3.50 5.87 147 534
7.90 5.86 152 529

20.0 5.98 139 527
38.0 6.23 28 249

a Lightly sensitized (EPR = 2 C/cm2) specimens (Heat No. 30956) were exposed to the environments for -20 h before

being strained at a rate of 1 x 106 sT

b Copper concentration of the effluent water was determined by inductively-coupled-plasma (ICP) spectrophotometry

analyses.

cDuctile (D), transgranular (T), granulated (G), and intergranular (l), in terms of the fraction of the cross-sectional
area. Characterization of the fracture surface morphologies is in accordance with the illustrations and definitions in

Reference 35.
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Effect of Organic Impurities on SCC (W. E.
Ruther, W. K. Soppet, and T. F. Kassner)

Organic contaminants can enter BWR
reactor coolant and PWR secondary-system
water primarily through the radwaste floor
drain sump systemso and via the make-up
water,40 respectively. These substances or
their decomposition products could
influence the corrosion behavior or SCC
susceptibility of system materials. Organic
acids and salts along with chelating agents
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are routinely used in the decontamination of
reactor components before in-service
inspection and repair work,41 and in the
chemical cleaning of corrosion products and
impurity deposits that accumulate at the
tube sheet and tube support plates and in
crevices between the tubes and support
plates in PWR steam generators.a 2
Numerous corrosion and SCC studies have
been performed to qualify the various
reagents and processes for use in nuclear
power plants.43-s4 A summary of this work
has been the topic of a recent review.s5*s6



CERT Parameters Potentials
Total Reduction SCC Growth
Elong., In Area, Fracture Rate,d Type 304 SS, Pt. Cu,
% % Morphology” m s'l mV(SHE) mV(SHE) mV(SHE)
24 45 0.49D. 0.511 8.2 x 1&9 264 220 237
55 81 1.00D - 229 -156 -112
54 81 1.00D 208 54 -34
24 47 0.42D. 0.58G3 9.6 x 1&9 305 287 -37
28 34 0.36D, 0.641 8.9 x 109 278 224 -18
53 81 1.00D - 38 -331 -186
32 45 0.59D, 0.411 7.2 x 10-9 141 -349 -101
13 21 0.06D. 0.941 3.2 x 10-8 301 245 -67
30 45 0.57D. 0.431 5.2 x 109 130 -316 -225
33 41 0.67D, 0.33G3 3.4 x 109 53 -351 -245
52 76 1.00D 83 -229 -123
32 41 0.64D, 0.36G3 4.3 x 109 116 -360 -142
31 54 0.3I1D, 0.69G3 8.1 x 10-9 22 -256 -126
34 60 0.67D. 0.33G3 54 x 10-9 116 -4 1 -153
14 31 0.25D. 0.751 2.6 x 10-8 219 -92 -168
17 20 0.10D, 0.901 2.8 x 10-8 193 33 -145
9 18 0.14D. 0.861 52 x 108 220 68 -97
9 16 0.04D. 0.961 51 X 1Q8 246 128 -98
12 10 0.17D. 0.831 3.5 x 108 87 237 241
53 58 0.88D, 0.12T 1.1 x 109 -403 -351 -367
55 65 0.84D, 0.16T 1.1 x 109 -381 -329 -355
50 41 0.77D, 0.23G3 6.0 x 1079 206 286 294
10 11 0.02D, 0.98G3 4.7 x 108 -246 -235 -240

d SCC growth rates are based on measurement of (1) the depth of the longest crack in an
enlarged micrograph of the fracture surface and (2) the time period from the onset of

yield to the point of maximum load on the tensile curve.

'Strain rate was 2.3 x 10”s .

As part of our Investigation of the
effects of 1 ppm of several organic acids on
the SCC of sensitized Type 304 SS in oxy-
genated water, CERT tests were performed
on the steel in water containing o.2 ppm
dissolved oxygen and four EDTA salts at an
anion concentration of 1 ppm. The results
in Table 12 indicate that the transgranular
crack growth rates of the steel in water
containing two of the salts are very low (~3
X 10-1° m s-1), and in the case of the other
two, the values (~1.6 X 10-9 m s-1) are an
order of magnitude lower than in high-
purity oxygenated water.s7 In contrast to
the previous experiments,s7 the effluent
dissolved-oxygen concentrations of the

water were <5 ppb and the ECP values of
the steel and the platinum and copper elec-
trodes were also quite negative [-510 to -
680 mV(SHE)]. Apparently these sub-
stances react with dissolved oxygen in the
feedwater at high temperatures and thereby
decrease the susceptibility of the steel to
IGSCC. The carboxylic (acetic, formic, lac-
tic, and oxalic) and short-chain aliphatic
(propionic and butyric) acids at an anion
concentration of 1 ppm did not react with
dissolved oxygen in the feedwater on the
basis of measurements on the effluent water
and the ECP values of the steel [-O to 100
mV(SHE)]; however, several of these
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Figure 15. Dependence of the Time to Failure of Lightly Sensitized Type 304 SS

Specimens (EPR

2 C/cm2) on (a) Cuprous lon Concentration and (b)

Conductivity of the Low-Oxygen (<5 ppb) Feedwater in CERT Experiments at
150 and 289°C.
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Specimens (EPR = 2 C/cm2) on (a) Cuprous lon Concentration and (h)
Conductivity of the Low-Oxygen (<5 ppb) Feedwater in CERT Experiments at
200°C.
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Figure 19. Dependence of the Steady-State Electrochemical Potential of Type 304 SS on
(a) Cuprous lon Concentration and (b) Conductivity of the Low-Oxygen (<5 ppb)
Feedwater during CERT Experiments on Sensitized Type 304 SS Specimens at
150. 200, and 289°C. CERT specimens were not strained in the low-
conductivity (<0.1 pS/cm) environments (no Cut added to the feedwater), i.e.,
only ECP measurements were made over a time period of ~30 h at each

temperature.
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Feedwater during CERT Experiments on Sensitized Type 304 SS Specimens at
150, 200, and 289°C. CERT specimens were not strained in the Ilow-
conductivity (<0.1 pS/cm) environments (no Cut added to the feedwater), i.e.,
only ECP measurements were made over a time period of ~30 h at each

temperature.
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only ECP measurements were made over a time period of ~30 h at each
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species decreased the crack growth rates of
the steel significantly.s7

Fracture-mechanics crack-growth-rate
tests are in progress on sensitized Type 304
SS and Type 316NG SS specimens to
confirm the relatively innocuous or
potentially beneficial effects of several of the
organic acids on SCC in water at 289°C
containing o.2 ppm dissolved oxygen.
Initial results indicate that 1 ppm of
propionic acid in the feedwater decreased
the crack growth rate of the sensitized Type
304 SS specimen by an order of magnitude
under low-frequency, high-R loading
conditions at a maximum stress intensity
value of ~30 MPa-m1/2; however, the crack
growth in the Type 316NG SS specimen
continued at the same rate as in high-purity
water.

3.23
Effect of Hydrogen-Water Chemistry on
Crack Initiation and Growth (P. S. Maiya)

As reported previously,ss crack initiation
results for solution-annealed and sensitized
Type 304 and nonsensitized Type 316NG
SS indicated that crack initiation occurs at
plastic strains of <4.0%, <2.0%, and <3.0%,
respectively, in water containing 0.25 ppm
dissolved oxygen and o.1 ppm sulfate at
289°C. Thus, stress corrosion crack
initiation occurs at relatively low plastic
strains in all the materials, although
solution-annealed Type 304 SS appears to
be somewhat more resistant to crack
initiation. A reduction in dissolved oxygen
concentration or ECP improves the crack
growth resistance of both Types 316NG and
304 SS.s9-60 To determine whether this
condition also improves resistance to crack
initiation, CERT experiments were per-
formed on solution-annealed Type 304 SS
in water containing between 0.005 and 0.25
ppm dissolved oxygen and o.1 ppm sulfate,
corresponding to ECP values ranging from
-560 to 100 mV (SHE). The specimens in
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these tests had small holes drilled in the
gage section to localize the cracking.ss The
tests were interrupted after various nominal
plastic strains, between 0.2 and
1.0%, and the specimens were cross-
sectioned to observe crack initiation by
SEM, as described in an earlier report.ss

Enom.

Figure 22 shows the effect of ECP on
the local plastic strain, eioC. required for
crack initiation. The local plastic strain is
assumed to be -8 times the nominal strain,
as in previous analytical studies.ss The
square and round symbols represent the
presence and absence of SCC, respectively.
Even at potentials below -400 mV (SHE),
SCC initiates at strains of -4.0%. This
behavior is similar to that in oxygenated
environments, i.e., crack initiation is
relatively unaffected by the low corrosion
potential.

Tests were also performed to
determine the effect of low dissolved-
oxygen levels or ECP values on crack growth
rates in solution-annealed Type 304 SS.
Experiments were performed in water
containing 0.1 ppm sulfate along with 0.25
and 0.005 ppm dissolved oxygen, which
correspond to ECP values of -20 and -504
mV(SHE), respectively. As shown in Fig.
23, the crack growth rates are fairly
insensitive to dissolved-oxygen level. This
finding is reasonably consistent with our
previous fracture-mechanics crack-growth
tests on solution-annealed Type 304 SS,61
in which the dissolved-oxygen levels (ECP
values) required to arrest crack growth in
solution-annealed material were lower than
those for sensitized material.

The effect of strain rate on SCC has
been studied under normal BWR-type water
chemistry conditions,s-e62+64 but less
information is available for simulated

hydrogen water chemistry conditions. The
results in Fig. 23 suggest that the
dependence of crack growth rate of



Table 12. Iniluence of Several EDTA Saltsa In Feedwater with 0.2 ppm Dissolved
Oxygen” on the SCC Susceptibility of Sensitized Type 304 SS

Specimenso at 289°C

Feedwater Chemistry

Anion Cond.
Test Cone., at 25°C
No. Species3 ppm pS/cm
A162 4Na-EDTA 1.0 1.71
A164 Hydroxy-EDTA 1.0 1.95
A165 Cu,2Na-EDTA 1.0 0.91
A163 Fe.Na-EDTA 1.0 0.62

CERT Parameters

Failure Maximum Total
pH at Time, Stress. Elong.,
25°C h MPa %
7.55 239 522 45
5.41 243 526 46
6.17 277 534 52
6.16 295 532 55

aEthylenediaminetetraacetate (EDTA) salts in the experiments were as follows:
4Na- EDTA 3H20; N-(2-hydroxyethyl)- EDTA acid; Cu,2Na EDTA- 2H20; and

Fc.Na EDTA 2ti20.

AEffluent dissolved-oxygen concentration determined by Chemetrics analyses was <5 ppb.

cLightly sensitized (EPR = 2 C/cm2) specimens (Heat No. 30956) were exposed to the
environments for -20 h before being strained at a rate of 5.2 x 10'7 s'*.

solution-annealed Type 304 SS on strain
rate is relatively independent of the
corrosion potential. A power-law fit to the
data in Fig. 23 yields an exponent of -1/3,
which is consistent with our modeling
studies and previous results on sensitized
Type 304 and Type 316NG SS.5 62 The
values of these exponents are consistent
with the hypothesis that the crack growth
rate is environmentally assisted even under
low-ECP conditions (since applied creep
effects are unlikely to be important at the
temperature and strain rates in this study).

4
Environmentally Assisted
Cracking of Ferritic Steels

41
Introduction

Plain carbon steels are used extensively
in PWR and BWR nuclear steam supply
systems as piping and pressure vessel
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materials. The steels of interest for these
applications include grade A106-Gr B and
A333-Gr 6 for seamless pipe and A302-
Gr B, A508-2, and A533-Gr B plate for
pressure vessels. Although operating
experience with ferritic steel components
in  reactor pressure boundaries is
considerably better than with weld-sensi-
tized austenitic stainless steels, instances of
cracking of these steels have occurred in
the U.S. and abroad.s& 73

Ferritic steels have been shown to
become susceptible to TGSCC in high-
temperature water containing dissolved
oxygen in CERT74-81 and fracture-
mechanics tests.s2-ss There is some
evidence of synergistic effects between
dissolved oxygen and soluble copper
compounds (viz., CuCl2) as well as other
impurities to produce susceptibility to
SCC.70-76 However, the ranges of dissolved-
oxygen and impurity concentrations that
can lead to SCC in these materials remain



CERT Parameters

Reduction SCC Growth

in Area, Rate.d Fracture
% m s> Morphology6
48 1.6 x 109 0.46D, 0.54T
44 1.6 x 10-9 0.77D, 0.23T
57 3.1 x 1010 0.96D, 0.04T
74 3.1 x 10-10 0.86D, 0.14T

Potentialsc

Type 304 SS, Pt, Cu,
mv(SIIE) mv(SHE) mV(SHE)
-682 -601 -508
-612 -570 -658
-518 -543 -526
-586 -573 -592

dsCC growth rates are based on measurement of the depth of the longest crack in an

enlarged micrograph of the fracture surface and the time period from the onset of yield to
the point of maximum load on the tensile curve.

cDuctile (D) and transgranular (T), in terms of the fraction of the cross-sectional area.
Characterization of the fracture surface morphologies is in accordance with the illustrations

and definitions in Reference 35.

relatively ill-defined. The objective of this
work is to characterize the environmental
and material conditions that can produce
SCC susceptibility in these steels.

4.2
Technical Progress

421
Constant Extension Rate Tests (J. Y. Park)

CERT tests were continued on
unnotched cylindrical gage-length
specimens fabricated from several ferritic
steels (A333, A106, A155, A516, and
A533B). These materials have been used in
other USNRC research programs at Battelle
Columbus Laboratories and Materials
Engineering Associates, Inc., and have been
well characterized in terms of mechanical
properties. The chemical composition of
the materials was presented in a previous
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report.so The tests were performed in oxy-
genated water at 289°C without and with
and o.1 ppm sulfate additions (as
H2S0a4) at strain rates of 1.0 x 10-6 and
2.5 x 10-7 s_1. The dissolved-oxygen
concentration was o0.2-0.3 ppm, except for
one test that was run at 0.5 ppm. In order
to maintain good control of the dissolved-
oxygen concentration, all areas of the
autoclave and water supply system in
contact with high-temperature water were
fabricated from titanium. The test
specimens were electrically isolated from

0.01

the Iload train and autoclave, and
electrochemical potential was continually
monitored.

The results of the CERT tests are
summarized in Table 13. All heats of
materials showed transgranular cracking on
the fracture surfaces, except for one heat of
A533B (Heat No. A5401, specimen No. W7-
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Figure 22.

Effect of Open-Circuit
Electrochemical Potential on
Crack Initiation in Solution-
annealed (SA) Type 304 SS.
The local plastic strain is
computed by use of a strain
concentration factor of ~8.

Figure 23.

Effect of Oxygen or
Electrochemical Potential on
Crack Growth Rates of
Solution-annealed (SA) Type
304 SS.



Table 13.

Material
and
Heat No.

A533B
A5401

A533B
XE5-M
A516 GR70
DP2-F34
A155-CK70
DP2-F26
A106B
DP2-F29

A106B
DP2-F30

A106B
DP2-F30

A106B
DP2-F29

A106B
DP2-F30

A106 B
DP2-F29

A106 B
DP2-F30

A533 B
A5401

A533 B
XE5-M

A155-CK70
DP2-F26

Specimen
No.

W7-2

5M-2

34-2A

26-2

29B-2

30C-3

30C-1

30C-2t>

30C-4

29B-6

30C-6

29B-5

29B-7
30C-7

30C-8
VV7-3

5M-3

26-3

Max. Load,

MPa

RA,

Elong..

%

High-Purity Water with 0.2-0.3 ppm Oxygen

657

614

507

527

570

640

626

632

63.7

55.6

95.9

82.6

75.2

76.7

47.4

291.7

72.5

71.7

78.8

49.8

57.6

29.8

16.5

39.3

22.0

23.5

40.4

28.3

28.5

28.4

17.6

29.2

High-Purity Water with 0.5 ppm Oxygen

627

Water with 0.01 ppm Sulfate and 0.2-0.3 ppm Oxygen

554

619

Water with 0.1 ppm Sulfate and 0.2-0.3 ppm Oxygen

472

554
624

620
646

593

514

68.0

81.3

70.5

68.7

60.9
66.8

711
61.2

43.5

64.4

strain rate was 1 x 10~6 s-1. except where noted.
Strain rate was 2.5 x 10~7 s__|
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15.5

42.0

46.3

41.6

29.9
63.2

39.1

~85.9

42.3

38.8

27.4

28.4

22.5

34.5

21.9
25.8

24.8
25.8

20.9

26.4

m-s-1

1.4 x 10"0

6.4 x 10-9

1.5 x 10-10

1.2 x 10-9

1.4 x 10-10

4.6 x 10-9

3 x 10-8

3 x 10-9

2.8 x 109

4.2 x 10-9

3.9 x 1Q9

5.9 x 10"9
6.2 x 10-9

7.2 x 10-9
Ductile

1.0 x 10-8

6.0 x 10-9

Results of CERT Testsa on Ferritic Steels in Oxygenated Water at 289°C

ECP,
mV(SHE)

+40

-40

-75

-110

-170



3) that was tested in water containing o.2-
0.3 ppm oxygen and 0.1 ppm sulfate. An
average crack growth rate was calculated by
dividing the maximum crack depth by the
time to maximum load. As shown in Table
13, the average crack growth rates varied
widely (from 1 x 10~10 to 3 x 10-8 m s-1),
even for the same heat of material. There
was no significant difference in crack
growth rate between the tests in the water
with 0.2-0.3 ppm and 0.5 ppm oxygen. The
growth rate for the A106B steel (Heat No.
DP2-F30) in water with 0.2-0.3 ppm oxy-
gen varied from 3 x 10-9 to 3 x 10-8 m-s-1,
whereas the rate in water with 0.5 ppm
oxygen was 3 x 10-9 m-s-1. Future tests
with dissolved-oxygen concentrations of
less than 30 ppb are planned.

As expected from related work on the
fatigue crack growth of ferritic steels in
reactor environments,o0-91 there appears to
be a strong correlation between the sulfur
content of the steel (particularly the

presence of sulfide inclusions) and
susceptibility to SCC. The fracture surface
of specimen 30C-1 (A106B Heat DP2-30,
Fig. 24) shows brittle transgranular SCC.
The fracture surface of specimen W7-3
(A533B, Heat No. A5401, Fig. 25) shows
ductile fracture without SCC. Figures 26
and 27 are micrographs of the cross
sections of specimens 30C-1 and W7-3,
respectively. There are far fewer inclusions
in the less susceptible A533B steel than in
the more susceptible A106B material.
Nonuniform distributions of inclusions may
also be responsible for the specimen-to-
specimen variation in crack growth rates in
the same heat of material.

The addition of 0.1 ppm sulfate does
not seem to have an appreciable effect on
crack growth rates in these materials.
Presumably, crack tip impurity levels from
the inclusions overwhelm the contributions
from the bulk water chemistry.

Figure 24. Fracture Surface of A106B Ferritic Steel (Heat No. DP2-F30, Specimen No.
30C-1) after a CERT Test in Water with 0.2-0.3 ppm Oxygen at 289°C.

TYansgranular cracking is eviden

L
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Figure 25. Fracture Surface of A533B Ferritic Steel (Heat No. A5401, Specimen No. W7-3)
after a CERT Test in Water with 0.1 ppm Sulfate and 0.2-0.3 ppm Oxygen at
289°C. No transgranular cracking is evident.

20,um

Figure 26. Longitudinal Cross Section of A106B Ferritic Steel (Heat No. DP2-F30,
Specimen No. 30C-1) Showing Distribution of Inclusions.
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200 m

Figure 27. Longitudinal Cross Section of A533B Ferritic Steel (Heat No. A5401, Specimen
No. W7-3) Showing Distribution of Inclusions.
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