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ABSTRACT

This progress report summarizes work performed by the Materials Science
and Technology Division of Argonne National Laboratory during January,
February, and March 1985 on water reactor safety problems. The research and
development areas covered are Environmentally Aesisted Cracking in Light-Water
Reactors and Long-Term Embrittlement of Cast Duplex Stainless Steels in Light-
Water-Reactor Systems.
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LIGHT-WATER-REACTOR SAFETY
MATERIALS ENGINEERING RESEARCH PROGRAMS:
QUARTERLY PROGRESS REPORT

January--March 1985
EXECUTIVE SUMMARY
I. ENVIRONMENTALLY ASSISTED CRACKING IN LIGHT-WATER REACTORS®

Analysis of reactor components has continued to verify the results of
in-service inspections and to evaluate the effectiveness of remedial
treatments applied to these components. Two 22-in. diameter recirculation
header-endcap overlay weldments from the Hatch-2 BWR were evaluated by dye
penetrant tests (PT). Axial, circumferential, and skewed-type PT indications
were observed within 10 mm of the weld fusion line on the endcap side of one
of the weldments and no indications were found on the other. Strain gages
were mounted on one of the weldments to measure residual stresses. A Type
347 SS 16~in. diameter pipe weldment fabricated according to the German GTAW
welding process was also examined. A weld defect (a cavity) and intergranular
cracking to a depth of 75 um were observed at the weld fusion line on the
funer surface of che pipe. Sensitization measurements in the heat-affected
zone by the ASTM A262-A and EPR techniques indicate that the weldment is

resistant “o sensitization as expected.

Microstructural changes resulting from welding and subsequent thermal
exposure of austenitic stainless steels are collectively known as sensitiza-
tion, whicn is one of the causitive factors in intergranular stress corrosion
cracking (IGSCC) of these materials in LWR environments. The role of impurity
elements, such as sulfur and phosphorus in the alloys, in SCC has been inves-
tigated to a lesser extent than chromium depletion by carbide precipitation at
grain boundaries; however, impurity segregation may be a contributing factor
to IGSCC. Scanning-transmission-electron microscopy measurements were

performed on sulfur- and phosphorus-doped specimens of Type 304 SS after aging

8NRC FIN No. A2212; NRC Contact: A. Taboada.



for 300 h at 550°C. The results show that phosphorus promotes chromium
depletion and carbide precipitation at grain boundaries whereas sulfur does

not.

The effect of nitrogen concentration in several heats of Type 316 SS on
SCC susceptibility has been investigated in CERT experiments in 289°C wacer
containing dissolved oxygen and sulfate at low concentrations. The results
show that nitrogen concentrations of >0.1 wt %2 have an adverse effect on
transgranular stress corrosion cracking (TGSCC) of the materials. The SCC
behavior of Type 347 NG SS was compared with that of Type 316 NG SS at the
same temperature and water-chemistry conditions as in the previous experi-
ments. The results of this work indicate that TGSCC in the Type 347 NG SS
material occurred at lower strain rates, i.e., <5 x 10"'7 s'l, than were
required for the other material, which {s indicative of slightly better SCC
resistance; however, the average crack growth rates were not very different

for the two steels.

To obtain better insight into the effects of impurities on the SCC
behavior of sensitized Type 304 SS, CERT tests were performed in 289°C water
which contained difierent oxyacids (viz., HNO4, H4A80,, H,80,, HC10,, and
H3IO3) at low dissolved-oxygen concentrations (<0.02 ppm). The crack growth
rates were correlated with the conductivity and the concentrations of the
various acids In the feelwater as well as the electrochemical potentials of
the steel and platinum. The results indicate that the crack growth rate in
these environments appears to be controlled by the rate of cathodic reduction
of oxyacid anifons that have a central atom which can assume different oxida-
tion states. The acids mentioned above have this characteristic, with the
excention of H,BO4. In the boric acid environments, the transgranular crack
growth rate of the steel was relatively low and independent of the anion
cencentration over the range of 1 to 10,000 ppm.

The different oxyacids have a diverse effect on the open-circuit
corrosion potential of the steel and the redox potential of the plaiinum
electrode in high-temperature water at low dissolved-oxygen concentrations.

For example, the potentials increase over a wide range [i.e., =450 to

+500 mV(SHE)] when the concentrations of HNOy, H3AsO,, or HC10, in the water
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increase, whereas H,80, and H3BO3 cause a relatively small increase in the
potentials [e.g., =550 to =450 mV(SHE)], owing to the decrease in the pH of
the water. As a consequence of this behavior, IGSCC can proceed at a rapid
rate for open-circuit corrosion potentials between =450 and +500 mV(SHE) ,
depending upon the type and concentration of the impurity species in the
water. Therefore, knowledge of only the corrosion or redox potential is not
sufficient to predict whether the steel is susceptible to IGSCC in high-
temperature water. The potential values must be used in conjunction with
information on the type of impurities in the feedwater, in addition to
dissolved oxygen.

To validate results from CERT tests on the effects of dissolved oxygen,
hydrogen, and sulfate on SCC susceptibility of Type 304 SS, long-term crack
growth experiments were performed on fracture-mechanics~ ‘ype specimens of the
steel under simulated BWR water chemistry conditions at 289°C. The water
chemistry was varied from a reference condition (0.2 ppm dissolved oxygen
and 0.1 ppm sulfate as Hy50,) to a lower dissolved-oxygen concentration
(0.002 ppm) without and with 1.4 ppm kydrogen as well as to higher and lower
sulfate concentrations at a fixed oxygen concentration in the water. The
results showed that crack growth in the sensitized specimens virtually ceased
when the dissolved-oxygen concentrat!on was decrsased to the low level, and
also when sulfate was removed from the reference environment containing
0.2 ppm dissolved oxygen. Crack growth in the solution annealel as well as
the sensitized specimens ceased when hydrogen was added to the low-oxygen
feedwater containing 0.1 ppm sulfate. These crack growth results are
consistent with the more extensive CERT data regarding the effects of water
chemistry and corrosion potential on SCC susceptibility of the steel in high-

temperature water.
IT. LONG-TERM EMBRITTL®MENT OF CAST-DUPLEX STAINLESS STEELS IN LWR SYSTEMS®
Thermal aging, mechanical-property testing, and microstructural evalua-

tions of cast duplex stainless steels are in progress to determine the

possibility of in-service embrittlement of these steels under light-water

PNRC FIN No. A2243; NRC Contact: J. Muscara.
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reactor operating conditions and to evaluate possible remedies to potential
embrittlement problems for existing and future plants.

Material was obtained from nineteen small and six large experimental
heats as well as six commercial heats of CF-3, -8, and -8M grades of cast-
duplex stainless steels. Blanks for Charpy-impact, compact tension, and
tensi.e epecimens from the various materials are being aged at several
temperatures oetween 290 and 450°C for time periods up to 50,000 h. A cover
plate assembly of cast stainless steel from the recirculation pump of the KRB
reactor, which was in service for ~12 yr, was also procured for microstruc-

tural characterization and mechanical testing.

Characterization of the six large experimental heats has been completed.
All heats contain a mixed structure of columnar and equiaxed grains. The
ferrite content and morphologies and hardness of these heats are similar to
those observed for the small experimental heats with comparable chemical

compositions.

Charpy-impact tests have been conducted on specimens from the experi-
mental and commercial heats of the steels after aging for up to 3000 h at 320,
350, 400, and 450°C. The reduction in the room-temperature impact energy
increases with the ferrite content of the material and the aging tempera-
ture. The low-carbon grades of the cast materials exhibit greater resistance

to embrittlement than the CF-8 and -8M grades.

Microstructures of cast-duplex stainless steels suhjected to long~term
aging either in the laboratory or in reactor service have been characterized.
The results indicate that at least two processes contribute to the low=-
temperature embrittlement of duplex stainless steels, viz., weakening of the
ferrite/austenite phase boundary by carbide precipitation and embrittlement of
the ferrite matrix by the formation of additional phases such as G-phase,

Type X, or the a' phase.

viii



I. ENVIRONMENTALLY ASSISTED CRACKING IN LIGHT-WATER REACTORS

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

The objective of this program is to develop an independent capability for
predicticn, detection, and control of intergranular stress corrosion cracking
(IGSCC) in light-water reactor systems. The program is primarily directed at
IGSCC problems in existing plants, but also includes the development of
recommendations for plants under construction and future plants. The scope
includes the following: (1) evaluation of the influence of metallurgical
variables, stress, and the environment on IGSCC susceptibility, including the
influence of plant operations on these variables; and (2) examination of
practical limits for these variables to effectively control IGSCC in LWR
systems. The experimental work concentrates primarily on problems related to
pipe cracking in BWR systems. However, ongoing research work on other envi-
ronmentally assisted crackirg problems involving pressure vessels, nozzles,
and turbines will be monitored and assessed, and where unanswered technical
questions are identified, experimental programs to obtain the neces.ary

information will be developed to the extent that resources permit.

The effort is divided into five subtasks: (A) Long-Term Aging and
Analysis of Reactor Components; (B) Crack Growth Rate Studies; (C, Evaluation
of Nonenvirommental Corrective Actions; (D) Evaluation of Environmental
Corrective Actions; and (E) Mechanistic Studies. These subtasks reflect the
ma jor technical concerns associated with IGSCC in LWR systems, namely: the
role of materials susceptibility, the role of stress in crack initiat{on and
propagation, and the role of envircnment. The program seeks to evaluate

potential solutions to IGSCC problems in LWRs, both by direct experimentation

(including full-scale pipe tests) and through the development of a better

understanding of the various phenomena.




A. Effects of Long-Term Aging and Analysis cf Reactor Components
(J., Y. Park and W. J. Shack)

8 P Introduction

The microstructural changes resulting from thermal exposure that
produce susceptibilitv to intergranular corrosion are collectively known as
sensitization. Sensitization is one of the major causative factors in the
IGSCC of austenitic stainless steels in LWR environments. Under normal
isothermal heat treatments, sensitization of austenitic stainless steels
(85) such as Tvpes 304 and 316 occure in the temperature range of A500 to
850°C. However, Type 304 SS may be sensitized at temperatures below this
range if carbide nuclei are present at grain boundaries. This low-
temperature sensitization (LTS) phenomenon has been demonstrated in labora-
tory experiments in the temperature range from 350 to 500°C. Extrapclations
to plant operating temperatures (288°C) vield estimated times for signifi-
cant LTS to occur ranging from 10 to 1000 years. This wide variation has
been attributed to differences in plastic strain levels, dislocation
densities, and/or impurity element content, but with the current level of
understanding, the susceptibility to LTS of arbitrary heats of material
cannot be assessed. It is also not clear that the susceptibility to IGSCC
produced by long, relatively low-temperature thermal aging can be adequately
assesred by conventional measures of the degree of sensitization (DOS), such
as the electrochemical potentiokinetic reactivation (EPR) technique or ASTM
A262 Practices A through E. These tests have been developed and qualified
primarily on the basis of the IGSCC susceptibilitv produced by high-

temperature furnace sencitization or welding.

Analysis of in-reactor components is also a concerr of this task.
It has become increasingly important to verify the results of in-service
inspections and to assess the effectiveness of remedial treatments under

in=reactor conditions,



F Technical Progress

a. Long-Term éginl

Scanning-transmission-electron microscopy (STEM) work is
continuing on Type 304 SS (Heat No. 10285) specimens that have been given
various heat treatments, and four other heats of Type 304 SS doped with
sulfur (0,05 and 0.09 wt.%) and phosphorus (0.04 and 0.09 wt.%Z). Results
from these analyses will help to assess the role of the irradiation-induced
grain boundary segregants (phosphorus, sulfur, silicon, etc.) and the
relative contribution of chromium depletion and grain boundary segregation

to SCC susceptibility.

During this reporting period, sulfur- and phesphorus-doped
materials were examined after aging at 550°C for 300 h and at 500°C for
1000 h, The STEM specimens were prepared by jet polishing of thin disks in
a 25 vol.% HN03:7S vol.% methanol electrolyte with a current density of
16-22 lnA/mm2 at a temperature of =20 to -30°C. The phosphorus-doped speci-
mens showed a large number of precipitates (~20-50 nm in diawmeter) at grain
boundaries whereas the sulfur-doped specimens were virtually free of grain
boundary precipitates for both aging conditions, as <hown in Figs. 1.1 and

1.2,

Llementa! concentration profiles across high-angle grain
boundaries were measured for the specimens aged at 550°C for 300 h. The
effect of electron beam size and broadening on the concentration profile was
corrected by deconvolution of measured values. The results for chromium are
shown in Fig. 1.3. Grain-boundary chromium depletion has cccurred in the
phosphorus~doped specimens in a region 200-300 nm in width, whereas no
chromium depletion wae found in the sulfur~doped specimens. ASTM A262-A
tests confirm the STEM observations. The phosphorus-doped specimens showed
ditching at grain boundaries, while the sulfur-doped specimens did not
(Figs. 1.4 and 1.5), Phosphorus appears to strongly promote grain boundary
carbide precipitation. In the next reporting perifod, chromium cencentration

profiles will be measured for the specimens aged at 500°C for 1000 h,
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(a)

(b)

Fig. 1.5. ASTM A262-A Test Results for Doped Type 304 SS Aged at
500°C for 1000 h, (a) 0.05% 8§, (b) 0.09% S, (¢) 0.04% P,
and (d) 0.09% P,

A Type 347 SS (Mannesmann TP347 DIN 1.4550) l16-in.-diameter
pipe weldment fabricated according to the German GTAW welding process was

examined. Intergranular cracking to a depth of 75 um was observed at the

weld fusion line of the inner surface of the pipe (Figs. 1.6 and 1.7), and a

weld defect (cavity) was also observed at the weld fusion line (Fig. 1.8).
Sensitization of the material was examined by the ASTM A262-A test and EPR
measurements, The ASTM A262-<A test did not show grain boundary ditching
except slight indications near the weld fusion line. Some intragranular
precipitates were observed (Fig., 1.9). EPR values were measured in the HAZ,
although no standard EPR measurement procedure has been established for Type
J47 88, The measurements were made using the prevailing procedure for Type

JO4 S8 with 1= and 2-mv/s scan rates. The maximum EPR value (0.9 C/em”™ at

(d)
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1 mv/8) was observed in an area less than 0.2 mm from the weld fusion line,
and then the values decreased to about 0,2 C/cl2 (at 1 mv/s) beyond 1 mm

from the weld fusion line (Fig. 1.10). The EPR results are consistent with
the ASTM A262-A test results, and indicate that the Type 347 SS weldment is

resistant to sensitization as expected.

IG500 initiation in a furnace-sensitized (EPR 10 C/cnz) Type
304 SS (Heat No. 10285) specimen was examined after a 1000-h test at a
constant stress level of 1.5 oy in high-purity water with 8 ppm oxygen at
289°C. An intergranular crack had initiated at surface pits on a grain
boundary (Fig. 1.11). Surface pits were also observed that were not on
grain boundaries, but no cracks developed at these sites. The surface
pitting appears to be due to the dissolution of precipitates or inclusions.
The constant-load SCC test was resumed for an extended test period.

Low=~temperature aging is continuing at 289, 315, 350, and
400°C of Type 304 SS specimens (Heat Nos. 10285 and 53319) subjected to
controlled strains, Type 304 S5 weld specimens (Heat No. 53319) treated by
IHST, HSW, and CRC, Type 347 SS (Mannesmann TP347 DIN 1.4550) weld speci~
mens, and Type 316NG SS weld specimens (Heat No. P91576).

Type 304 SS (Heat No, 53319) pipe weldments were examined
after aging at 400°C for 4000 h. An ASTM A262-A test produced a dual etch
structure at a localized area far outside of the HAZ. This may be an indi-
cation of material inhomogeneity caused by long-term aging.

b.  In-Reactor Components

Two 22«in,~diameter recirculation header-endcap overlay
weldments (2B31<1RC~22BM=1 and 2B31=1RC~22AM=X) from the Hatch=2 reactor
were received, The inner surfaces of the pipes were electrolytically
polished by Quadrex Corporation before shipment to ANL., Postweld grinding
marks were visible in some areas of the inner surface at the weld crown and
the HAZ. The width of the overlay was approximately 200 mm for the weldment
22BM and 230 mm for the 22AM weldment. The thicknesses of the overlays were

approximately 10«15 and 9<10 mm, respectively.
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Magnaflux dye penetrant was applied to the inner surface of
both weldments. A number of PT indications were observed on the endcap side
of weldment 22BM at circumferential positions between 129 cm and 147 cm.
Postweld grinding was also evident in this region. The PT indications were
axial, circumferential, and skewed types and were located within 10 mm from

the weld fusion line. There were no PT indications in the weldment 22AM,

Strain gages were mounted on the complete 22-in.-diameter
weldment 22BM to measure residual stresses. Two-inch-diameter throughwa!!l
plugs that surround the strafn gages are being cut from the weldment.
Metallographic examination will begin after residual stress measurements are
completed,

B. Crack Growth Rate Studies (J. Y. Park and W, J. Shack)

) Introduction

Early instances of IGSCC in operating PWRs generally occurred in
small pipes, and the response to the detection of cracks was to repair or
replace the cracked piping immediately. It is now clear that for reactors
with standard Type 304 SS piping material, cracking can occur anywhere in
the recirculation system, including the main recirculation lire, Because of
the severe economic consequences of long forced outages for repair or re=-
placement, utilities must consider other approaches for dealing with cracked
pipe. The possibilities include continued operation and monitoring for
subsequent growti, for an indefinite period, continued operation and moni-
toring until a repair can be scheduled to minimize outage, or immediate
repair and replacement.

Understanding crack growth behavior is {mportant for other reasons
besides assessing the safety i{mplications of flawed piping. A better under-
standing would permit a more rational extrapolation of laboratory test re-
sults to the prediction of behavior in operating plants. Current work on
the measurement of crack growth rates seeks to characterize these rates In
terme of the linear-elastic~fracture-mechanics (LEIM) stress intensity ae

well as the level of sensitization and the amount of oxygen present in the



coolant.

15

The work in this subtask is aimed at a systematic evaluation of

the validity of LEFM to predict IGSCC growth., The capability of data

obtained under one tvpe of loading history to predict crack growth under a

different loading history is being investigated.

The eff

ect of flaw

geometry on crack propagation rates will alsc be considered.

- I8 Technical Progress

Crack growth rate tests have continued on a Type 304 SS 1TCT weld
overlay specimen (No. 304-01-01) in high-purity water with 8 ppm of dis-

solved oxygen at 289°C,
pipe weldment with a mockup weld overlay.

The specimen was prepared from a 12-in.-diameter

The specimen was fabricated such

that the crack will propagate through the HAZ of the original weld and into

the overlay.

waveform with an unloading time of 5 =&

and R = 0,8-1,0,

system and by an in situ MTS :lip page.
summarized in Table 1.1,

reached the overlay.

over this range.

at 2 x 10”7

3

The results of the
The crack, however, is in the HAZ

The observed growth rates do not vary

The tests have been performed under cyclic loading (sawtooth

Hz, K
max

The crack length is being monitored by an

= 27-29 MPa‘mh.
a.c. potential
tests are
and has not
with R=value

A negligible effect of small load fluctuations was also

observed for furnace-sensitized Type 304 S5 (Heat No. 10285).1 The test

will be continued to determine the crack growth rate in the overlay.

TABLE 1.1. Crack Growth Rates in the HAZ of a Weld Overlay Specimen

R Frequency, Kz Kmax’ MPa-nH Growth Rate, m/s
1.0 . 29 1.8 x 10710
0.95 2 x 107 27-28 1.2-2.2 x 10710
0.9 2 x 1070 27-28 1.3 x 10710
0.8 2 % 107 28-29 1.5 x 10710

Additional fracture mechanice (I1TCT) specimens were
fabricated from a Type 304 S8 (Heat No. 3083=5-1; 0,06% carbon; Schedule
140; 10-in, diameter) overlay pipe mockup prepared by NUTECH Engineers and



e ik
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GAPCO Welding. The base¢ material was furnace-sensitized at 600°C for 24 h

before the overlay was applied.

Cs Evaluation of Nonenvironmental Corrective Actions (P. S, Maiya and
W. J. Shack)

1 Introduction

The fundamenta! premise of current efforts to prevent IGSCC in BWR
piping is that IGSCC involves a complex interaction among material
susceptibility (sensitization), the stresses acting on the material, ard the
environment and that suitable alteration or varietion of these parameters can
produce immunity to 1GSCC. Nonenvironmental corrective actions seek to
mitigate either the material susceptibility or the state of stress on the
inside surface of the weldment. They include techniques for improving the
margin against 1GSCC of a susceptible material like Type 304 SS and the
identification of alternative materials that are inherently more resistant

to IGSCC.

The objective of the current work is an independent assesement of
the proposed remedies developed by the utilities and the vendors. Addi-
tional research has been carried out to eliminate gaps in the existing data
base on alternative materials and fabrication and to develop a better
understanding of the relation between the existing laboratory results and
satisfactory in-reactor operating performance, Current efforts in this task
include additional screening tests for alternative materials and studies of

the residual stress distributions associated with weld overlays.

2, Technical Progress

Previous work hasz-‘ shown that Type 316NG S5 cracks
transgranularly in oxygenated water (0.2 ppm) with impurities (0.1 ppm
sulfate, added as acid). The transgranular stress corrosion cracking
(TCSCC) is associated with the presence of the sulfate impurity. Although
the 0.1 ppm level used for much of the testing is within the Reg. Guide 1,56
limits, it is much higher than is typical for normal operatfon, CERT test
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To assure that TGSCC in impurity environments is not an artifact
associated with the large plastic strains achieved in CEKT tests, inter-
rupted tests were performed on Types 316NG and 316 SS in oxygenated water
(0.02-0.25 ppm) containing 0.1 ppm sulfate at strain rates between 10-6 and
10'7/0. In these tests cracks 50-200 uym long are observed at relatively
small strains (<5%). The results in general are consistent with predictions
of our phenomenological model for crack growth in CERT tests and the assump-
tion that initiation of smaller cracks (~1 um deep) occurs at much lower
strains (~12)3'S. but direct observation at lower strains is difficult., To
improve the sengitivity of detecting cracks at lower strains, plastic
replica techniques similar to those employed in observing crack initiation

in high-temperature fatigue studiea6 of Type 304 SS are being initiated.

A phenomenological model that describes the effects of applied
strain rate € on SCC behavior in CERT tests has been discussed in previous
4

reports. The correlaticns obtained can be represented in a generalized

form:
P = AP(JC/C)‘W)' 1)

where P = €pr Bgs Loy oOF éav; A depends on the environment and material
microstructure but is independent of ¢; JC/C is a fracture-characterizing
parameter that is nearly independent of both environment and €; and the
exponents p, q, and r are given by the model. In addition tc strain rate
effects, Fq. (1) can also account for environmental and microstructural
cffcctn7 through the parameter A, There is good agreement between the model
predictions and laboratorv CERT results, and the description of strain rate
effects on SCC susceptibility given by the mode! is also in good agreement
with in-reactor neaaurenent.a.8 an example of which is shown in Fig. 1.12,
We have, in addition, used the model to compare the results pertaining to
the effects of dissolved oxygen or open-clrcuit corrosion potential on the
SCC of Type 304 S5, obtained at ANL with those obtained by Indig and Weber,

The latter results were generated in the Dresden~]! boiling water reactor.

9

This comparison is shown in Table 1.3. Although the exce.lent agreement

between the predictions based on ANL results and the in-reactor data
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Fip. 1.12. Average Crack Crowth Rate as a Function
of Strain Rate for Type 304 SS. Data
were obtaiged in the Pinghals~l reactor
in Sweden.

TABLE 1.3. CERT Test Results in High Purity
Water at ~274°C and a Strain Kate
of € ~ 3.5 x 1077 ¢! (Indig and
Weber, 1985)

Dissolved 02. Cer h 4 €es 4 3
PP™ Exp (Pred) Exp (Pred)

Laboratory Results (Type 204 SS, Welded + LTS)

0.18 224.0 (225) 26.8 (26.6)
0.09 293.5 (2%0) 36.3 (33.2)

In-Reactor Resultsb (Type 304 SS, SA + 621°C/24 h)

108.0 (112.0) 12.1 (14.8)

002
0.04 143.0 (139.5) 20.3 (18.4)

o —

‘Bleed on ANL model.

bReference 9.
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may be fortuitous, the coneistency regarding the benefits of reducing the
dissolved-oxygen concentration in laboratory tests and in-reactor experi-

ments is encouraging.

The effects of reduction in the dissolved-oxypen content on SCC of
Type 316NG SS have been investigated. The dissolved oxygen was varied
between 8 and 0.02 ppm in tests at a strain rate of 2 x 10-7/8. To compare
these results with similar data for Tvpe 304 SS obtained at a higher strain
rate of 10-6/8. the model was used to account for the differences in strain
rate, A comparison of the results for the two materials is shown in Fig.
1.13, With a decrease in oxygen content, éav decreases by a factor of ~8
for Type 304 SS and by a factor of ~4 for Type 316NG SS. The degree of
improvement fur Type 316NG SS is smaller but significant. Thus the use of
hydrogen-water chemistry can also improve the SCC resistance for Type 316NG
8S.

1077
T TT'II"] T IITT"TI 1 'll”"] IR RRA

OTYPE 304 SS (EPR = 2-3 C/ecm?)
OTYPE 316 NG SS (SA + 650°C/24h)
WATER CONDUCTIVITY : ~ 0.9 uS/cm
€=2x10"7¢"!

T T 110N
L1 i1

1078

il

o | ll”ﬂ]

4.0 ki)

107

AVERAGE CRACK GROWTH RATE (m/s)

7T IIUHI
' o llllLll

,o-IOL 1 llllllll 1 1uuul | 11111111 L L il
0.001 0.01 0.1 1.0 100

OXYGEN (ppm)

Fig. 1.13. Comparison of the Effects of Dissolved Oxygen in Water
on the SCC Susceptibility of Types 316NG and 304 SS.
The 304 data were obtained in Subtask D.
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In a cooperative effort with the EPRI Nondestructive Evaluation

(NDE) Center, studies are being carried out on the Cerman Type 347NG SS
(Mannesmann TP347 DIN 1.4550)., The work at the NDE Center focuses on
weldability, and the work at ANML focuses on the SCC susceptibility of the
material, Chemical analyses cf the base and filler metals (Heat Nos. 174100
and 20316, respectively) from a weldment supplied by the NDE Center are
shown in Table 1.4, This weldment was fabricated by the prescribed German
practice. CERT tests have been performed in 289°C water with ~0.23 ppm
oxygen snd (.1 ppm sulfate on this material in the as-welded condition and
after an additional heat treatmeut (i.e., as-welded + 500°C/24 h) over a
range of strain rates. The results are shown in Table 1.5. TGSCC was
obeerved at strain rates of <5 x 10-7/3. which are slower than those
required to produce TGSCC in CERT tests on Type 316NG S3. Hence, based on
this obgervation, this heat of Type 347 SS, although not immune to TGSCC,
appears slightly superior to Type 316NC SS (Heat No. P91576). However,
TGSCC sueceptibility, as quantified by average crack growth rates, does not
appear to be very different frow that of Type 316NC SS. For example, the
values of &av for Type 347 and 31220 Ss tescefgin a sulfate solgiéon at a

to 1 x 10 ° m/s and v x 10

respectively. Furthermore, the low-temperature heat treatment does not

strain rate of 10'7/3 are 7 x 10 m/s,
appear to have any significant effect on the SCC susceptibility. Visual
examiration of the gage length of failed specimens suggests that, in most
cases, failure cccurred in the base metal (Heat No. 174100), away from the
weld fusion line (the "knife-line attack" region). The enhanced resistance
of the filler material, which is a different heat of Type 347 SS (Heat No.
30316), is most likely associated with a higher ferrite content. Although
no detailed microstructural examination has been made to verify this,
empirical correlations of composition with ferrite numbetlo suggest that the
ferrite number of the filler is about 5 while that of the base metal is

Qbout l"':-

Te compare the behavior of materials in our studies with thcse
at SRI in EPRI-sponsored work, three exploratory CERT tests have been
performed on another heat of Type 316NG SS (Heat No. 59076), whose chemical
compositior is listed in Table 1.6. This heat is also susceptible to

TGSCC in impurity environments, similar to the behavior of our reference
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TABLE 1.6, Exploratory CERT Test Kesults on Type J16NG SS (Heat No, 59(170). 289°¢C

Test £29 £:» o » ¢, Failure & .,
No. Environment hf 2' m: 2 1 Mode o9y
, ? -7 B ~10
282 0.2 ppm 0, 626.5 45 500 2 x 10 T6SCC 3.2 x 10
780 0.2 ppm U, + 114,5 4l 4R 1 x 1078 TGSCC -
2.
0.1 ppm SU“
81 0.2 ppmo0, + 250 % 487 ox 10”7 16SCC 2.6 x 1070
G.1 ppm so:'

%Heat treatment: 1050°C/0.5 h + 650°C/24 h.

hkeat of 316NC SS (No. P91576). However, based on a test at a strain rate
of 2 x 10-7/5. the SRI material shows TGSCC susceptibility even in high-
purity water, although the apparent TG crack growth rate is considerably
slower than that in impurity environments (Table 1.5). Additional tests

are required to better characterize the nature of this cracking.
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D. Evaluation of Envirommental Corrective Actions (W. E. Ruther,
W. K. Soppet, and T. F. Kassner)

1e Introduction

The ubjective of this subtask is to evaluate the potential effec-
tiveness of proposed actions to solve or mitigate the problem of IGSCC in BWR
piping and safe ends through modifications of the water chemistry. In this
regard, the synergistic effects of dissolved oxygen (produced by radiolytic
decomposition of the water) and impurities (e.g., oxyacids from decomposition
of ion exchange resins during periodic intrusions into the primary system) on
the IGSCC susceptibility and crack growth properties of sensitized Type 304 SS
are being evaluated. The potential benefits associated with small additions
of hydrogen to the coolant are also being evaluated under conditions in which
fonic impurities at low concentrations are also present in the high-

temperature water.

During this reporting period, additional information is presented on
the effects of dissolved oxygen and several oxyanion impurity species at low
dissolved-oxygen concentrations on the electrochemical potential and SCC
susceptibility of sensitized Type 304 SS in 289°C water. The effects of
dissolved oxygen, hydrogen, and sulfate (as Hy80,) in 289°C water on crack
growth rates of the steel in the solution znnealed and sensitized conditions
also were determined from fracture-mechanics-type specimens under low-

frequency, moderate-stress intensity, and high-R loading conditions.

2, Technical Progress

a. Influence of Several Oxyanion Species on the Electrochemical
Potential of Type 304 SS and Platinum in 289°C Water at Low
Dissolved-Oxygen Concentratiouns

The manner in which different impurity species at low concen-
trations, along with dissolved oxygen, in the bulk-coolant enviromment
influence the open-circuit corrosion potential and SCC behavior of reactor
materials is not well known, although the relative effects of several anions,

in conjunction with sodium and hydrogen cations, on SCC of sensitized Type
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304 SS has been investigated.u'l5 To obtain additional insight into the
effects of impurities on the corrosion potential and SCC behavior of this
material, numerous CERT experiments were performed in 289°C water containing
different oxyacids (viz., HNO,, HqAs0,, H,50,, HC1O,, and H3BO3) at low
dissolved~oxygen concentrations (<0.02 ppm). An investigation of the influ-
ence of the various species on the corrosion potential of the material in
high-temperature water hopefully will provide better insight into the SCC

behavior of the steel in reactor-coolant environmerts.

Table 1.7 summarizes the CERT data and the effects of the
various oxyacids on the electrochemical potentials of the Type 304 SS and
platinum for the different feedwater chemistriec. The anion concentrations in
the feedwater ranged from 1 to 10,000 ppm for H4BO4 and from ~0.1 to 100 ppm
for the other oxyacids. The dependence of the electrochemical potentials of
the steel and platinum on the conductivity of the feedwater containing the
various oxyacids is shown in Fig. 1.15 along with similar information for
dissolved oxygen in high-purity water, which was reported previouoly.16 The
potentials of Type 304 SS and platinum in water that contains HNO;, H4As0,, cr
HC10, at low dissolved-oxygen concentrations exhibit the same dependence on
conductivity, i.e., the concentration of the oxyacids. The potential values
obtained with HNO5 or H4AsO, at anion concentrations of >20 ppm (conductivity
values >100 uS/cm) are almost a factor of two higher than those in high-purity
water containing ~20-40 ppm dissolved oxygen [i.e., +500 vs +250 mV(SHE)]. 1In
contrast, the potentials of the steel and platinum in high-temperature water
containing low dissolved-oxygen concentrations (<0.0l1 ppm) and H,80, or H,BO,
are quite negative over a wide range of conductivity or concentration. The
slight increase in potential as the conductivity or concentration of the acid
increases can be attributed to the decrease in the pH of the water, i.e., the
values tend to follow the pH dependence of the hydrogen evolution reaction

(20% + 2¢” = Hy) given by the expression
Egggec(SHE) = -0.1113 pHyggee = 0.0557 log Cy/Cy°, (2)
where CHO is the solubility of hydrogen in water at 289°C (viz., 7.55 ppu)17

and Cy is the dissolved-hydrogen concentration of the water. The pPHoggec
values for high-purity water and water containing 0.1, 1.0, 10, 50, and



TABLE 1.7. Influence of Several Oxyacigc at Low Dissolved-Oxygen Concentrations on the SCC Susceptibility
of Sensitized (EPR = 2 C/cm®) Type 304 SS Specimens® (Heat No. 30956) in 289°C Water
Feedwater Chemistry - CERT Parameters
Impurity Anion Cond. pH at Failure Maxisum » Potentisls
Test Oxygen, Species Conc., st 25%, 25% Time, Stress, —3CC Growth Rate, Fracture Type SS, Pr,
No. ppm ppm uS/cm h MPa w-ht ws) Morphology© =V (SHE) wV(SHE)
A0S 0,005 HC10, 80.0  315.0 3.12 19 245 1.9x107! 5.1 x m’: 1.001 19 109
AlO4 0,005 20.0 85.0 3.73 17 237 2.2x 107! 6.1 x100% 0.0, 0.971 209 -95
Al1I0  0.005 10.0 42.0 4.03 20 226 2.3 x 1070 6.4 x 10°%  0.120, 0.881 169 -98
Al01 0.005 7.0 29.0 4,21 26 241 2.6 x 107! 6.6 x 107%  0.140, 0.861 120 -156
AL09 0,005 5.0 22.0 4.3 20 233 2.5 x 107! 7,0 x 10°®  0.08p, 0.921 107 -149
AlD6 0,005 3.0 13.7 4.55 35 305 1.0x 107 2.8 x 107 0,220, 0,781 -3 -
AlO8 0,005 2.0 8.5 4.78 70 428 3.1 x 1072 8,7 x 1077 0.45D, 0.551 -48 -215%
AllL  0.005 1.5 6.3 4.90 97 476 2.3 x 1072 6.4 x 1077 0.56D, 0.441 -89 -226
Al02  0.005 1.0 3.9 5.17 136 530 8.0 x 1070 2.2 x 1077  0.64D, 0.36T -111 -263
A103 0,005 0.1 0.5  6.27 120 503 9.0 x 1077 2.5 x 1077  0.68D, 0.327 -356 ~444
A98 0,010 HNO 4 63.0 390.,0 3.02 33 312 1.0x 107! 2.8 x 1078 0.07p, 0.931 577 555
A99 0.010 7.0 43.0 3.99 38 n7 9.5 x 1072 2.6 x 107® 0.26D, 0.741 133 -134
AID0 0,010 ‘ 0.7 4.5 5.06 154 520 0 0 1.00D -147 -309
ABS 0.017 HyAs0, 70.0  410,0 3.03 42 352 7.6 x 1072 2.1 x 1078  o0.07, 0.9% 419 413
AB7 0.018 20.0  111.0 3.57 42 340 7.3x 102 2,0x10% 0.1, 0.871 310 225
A90 0.013 1 7.0 40.0 4,05 63 404 5.6 x 1002 1.6 x 10°%  0.31p, 0.691 1 75
A89 0.013 1.0 14.3 4.54 95 483 1.9 x 1072 5.3 x 1077 0.49D, 0.5164 -79 -184
A27  <0.01 Hy50, 100.0  800.0 2.74 45 287 9.1 x 1072 2.5 x 107 0.14p, 0.866, -420 -366
A28 <0.01 100.0  785.0 2.76 41 301 9.4 x 1072 2.6 x 107% 0,120, 0.88¢, -370 -330
A36 <0,01 50.0 425.0 3.01 56 2 6.0 x 1072 1.7 x 1078 0.16D, 0.84G, -392 -340
53 0.03 10.0 71,0 3.80 65 384 4.0 x 1002 1,1 x 10°®  o0.2%0, 0.751 -405 -385
62 0.03 10.0 72.0 3.80 72 73 5.7 x 1072 1.6 x 107% 0,210, 0.796, -419 -416
49 0.03 1.0 8.0 4.80 119 495 1.8 x 1072 5.0 x 1070 0.45D, 0.55G, -450 -470
60 0.01 1.0 8.3 4.80 103 478 1.6 x 1972 3,9 x 1070 0.56D, 0.446, -496 -515
68  <0.005® | 0.1 1.1 8.40 147 518 5.9 x 1077 1.6 x 1077  0.77p, 0.23T -573 -575
All4 0,005 HyB05 10,000 7.40  4.85 125 504 1.3 x 1072 3.4 x 1077 0.520, 0.487 -469 -372
All3 0,005 1,000 1.54  5.63 122 509 1.3x 102 3,7 x 1072 0,580, 0.427 -432 -432
All12  0.005 100.0 0.42  6.05 123 504 8.8 x 1072 2.4 x 107% 0.650, 0.35T -531 -521
All6 0,005 10.0 0.16  6.% 118 505 9.2 x 1073 2.6 x 107  0.66D, 0,34T -491 -43¢
All7 0,005 | 1.0 0.10  6.37 123 506 1.1 x 1072 3.0 x 107%  0.71p, 0.297 -566 -50%

‘Spcclnm were exposed tc the environment for ~20 h at 289°C before straining at

a rate of 1 x 107% &~

CC 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.

Lz

“Ductile (D), transgranular (T), granulated (G), intergranular (1), in terms of the fraction of the ciiss-sectional area. Characterization of
the fracture surface morphologies is in accordance with the illustrations and definitions in Corrosion 40(9), pp. 493-506 (1984), "Trans-
granular, Granulated, and Intergranular Stress Corrosion Cracking in AISI 304 SS." by H. D. Solomon. ol

H}An()‘ master solutions were prepared by the addition of concentrated llll03 to arsenic (II1) oxide according to the reaction

285,05 + BHNOy + 2H,0 + 4H,As0, + BNO,t; consequently, the H4AsO, solutions may contain N0y~ in additien to HyAs0,” .

®Hydrazine was added to the fee:voter to decrease the oxygen level *o <0.005 ppm.
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100 ppm sulfate as H,80, are 5.63, 5.49, 4.95, 4.00, 3.30, and 3.00,
respectively, from information on the disscciation of water!® and the second

dissociation constant of sulfuric acid!? at high temperature.

The diverse effect of the various species on the open-circuit
corrosion potential of the steel can be rationalized in terms of the Wagner-
Traud nechanisnzo for electrochemical corrosion. According to that thecry,
dissolution or oxidation of a metal in an aqueous environment does not occur
directly but by the superposition of electrochemical anodic and cathodic
partial processes. Furthermore, the two processes can occur at different
local anodic and cathodic areas on the metal surface. The mechanism also
indicates that the corrosion or mixed potential normally lies closest to the
potential of the partial process that has the highest exchange current
density, or alternatively, farthest from the equilibrium potential for the

rate-determining partial process.

In the case of stainless steel exposed to high-temperature
water, a highly passive oxide film forms on the surface and metal dissolution
or oxidation proceeds at a low rate. Under this condition the rate of the
anodic partial process apparently is very slow compared with that of a number
of cathodic reduction processes involving dissolved oxygen or various oxyacids
listed in the next section. Consequently, the open-circuit corrosion or mixed
potential for the steel in Fig. l.15a is indicative of that for the cathodic
reduction of various species at the surface of the electrode. Under most of
the water chemistry conditions in Tuble 1.7, the values are not very different
from those obtained from a platinum electrode, which frequently serves as an

"inert"” redox electrode in electrochemical studies.

b. Effect of Dissolved Oxygen and Several Oxyacids on the Crack
Growth Rate of Sensitized Type 304 SS from CERT Tests in 289°C
Water

The rate of intergranular or transgranular crack growth of
sensitized Type 304 SS CERT specimens was evaluated from the maximum depth of
stress-corrosion crack propagation on an enlarged photomicrograph of the
fracture surface and the time interval from the onset of yield to the time of

maximum load on the load versus time curve. The dependence of the crack
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growth rate of Type 304 SS specimens (EPR = 2-30 c/cm?) on the dissolved-
oxygen coucentration in high-purity water and on the sulfate conceniration in
water with low dissolved-oxygen concentrations is shown in Fig. 1.16.15
Within the scatter of the data, the slope of the lines on the logarithmic
plots of crack growth rate versus oxygen or sulfate concentration in

Figs. 1.16(a) and (b) are 1/4 and 1/2, respectively, over three orders of
magnitude of the concentration of the dissolved species. For corparison with
these results, the crack growth rates of lightly sensitized (EPR = 2 C/cmz)
Type 304 SS specimens (Heat No. 30956) on the concentrations of HNO5, H4As0,,
and H,S0, and the conductivity of the feedwater containing these oxyacids
(Table 1.7) are shown in Fis. 1.17. Lines with a slope of 1/2 are also
depicted on the figure, which are a reasonable representation of the combined

data for the three acids.

The dependence of the crack growth rates of the steel on the
conductivity and the concentrations of HCIOA and H4BO4 in the feedwater is
shown in Fig. 1.18. In contrast to the results for the other acids, the cvack
growth rate exhibits a strong dependence on the perchlorate ion councentration
over the range of 1 to 7 ppm and becomes independent of concentration at
higher levels, whereas the transgranular crack growth rate is relativcly low
and independent of the borate concentration over the range of 1 to 10,000 ppm.
The crack growth rate exhibits a power of 2 dependence on the perchlorate
concentration over a relatively narrow range and zero-power dependence in the

case of the borate species.

A possible rationale for the role of the different oxyacids in
the SCC behavior of sensitized Type 374 SS is analogous to that proposed for
oxyanions of several acids and sodium salts of arsenic.!® 1f one postulates
that crack growth occurs via a slip-dissolution process at the crack tip,ZI'zz
the anodic dissolution reaction and hydrolysis equilibria at the crack tip are
given by

e = MeZt + ze~ (3)
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where X denotes the central atom, e.g., N, As, S, etc.
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and
Me®t + 1,0 = Me(on) (2=1)* 4 y*, (4)

Me(0H) (271 4 10 = Me(on)§2~20* + ut,

Me(0H)2Y, + Hy0 = Me(oH)}_, + u*,
+ .
Me(OH),_, + HyO = Me(OH), + H".
where each step occurs by the loss of successive protons.

The cathodic reactions can lavolve the reduction of dissolved oxygen, hydrogen
fons, and certain oxyanions that contain a central atom that assumes different
oxidation states, e.g., S, N, As, Cl, P, and I, but not C, B, or Si. Typical

cathodic reactions involving some of these species are as follows:

0, + 2Hp0 + 4e” = 4OH (5)
20" + 2¢” - Hy, (6)
and
SO7 + Hp0 + 2¢” = 503" + 208” )
NO3~ + Hy0 + 2e” = NO,” + 20H" (8)
ASO,” + 2H,0 + 2™ = AsO,” + 4OH". %)

A number of cathodic reduction reactions can be written for the perchlorate
oxyanion and these are given below:

c10“' + 41,0 + 8e” = C1™ + B80H™ (10)
Cl0,~ + 2H,0 + 4e” = Cl0,” + 4OH™ (11)

c10" + Hy0 + 2e” = 0103‘ + 2087 (12)
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4C10," + 2H,0 + 4e” = 4C104™ + 4OH™ + 0, (13)
8ClO,”™ + 26,0 + 4e” = BClO;~ + 4OH™ + 30,. (14)

For the purpose of anilyzing the dependence of the SCC growth rates on the
concentratione of the various species in the feedwater, the following

equilibria and concen.vation-dependence relations can be written from Eqs. (5)
to (14):

Species Equilibria Concentration Dependence
-4 4
[on” | N (N
02 K.q = — ut L o= (15)
[ *lo,) (€] (o]
" 3 (4, ) L Ky [H'] i
(o P (€] (m)17
=12 [ on2- 2-1/2
2- [ov™ " | soy L
50; K * =3 | =5 — - — - a7
| o} €] (o] | o2
(oH ]2 "mz-’ ‘ K, rma"ﬂ 1/2
NO,” K = | — - (18)
3 eq -, = | - - =
le”] __w3 J le"] [ow7] mz 4
—— &= X
3 [oH * rmz ; kg AsO;, 12
o, b " T % | ~rtrm = (19)
T [P | a0 | (€] [ow ]2 | aso,
— 4
- - = T — -
o6 ®| e | : kg | clo, e
clo,” R & B - | — = g - (20)
‘ c1
le | a0, [e7] [oH )
[ow™]* | 0, . k, [cwo,7|
€10, Y Y TR — — - (21)
(e ] | c10, [e"] [ow] _sz ]
o™ |2 c103'j . kg [ 0,72
c10,” T | — l — ~ (22)
9 e | clo, le"] [ow| | ci0,
4 L -
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. rFl L
i (o *[o,] | cr0.” |* k €10
c10 K= : 2 b s : A 23)
4 eq -4 - - o 1/4 -
[e ] ClOa [e ] [oH ][02] 0103
i (ow™*[o,]* [ c10,”| ® ; k10 cio,” | 2
clo, R ” — - — = —— 0 - (24)
[e” ] c1o, [e"] lou J[ozl clo,

The concentration dependence relations are written in terms of 1/[e”] to
fllustrate the exponential power for the concentration of the species

according to each of the possible cathodic reactions.

In the case of crack advance by an anodic dissolution partial
process at the crack tip, the crack growth rate can be expressed in terms of

Faraday's Law,
. -1 -]
a (m*s ) = Mia/zpF *=3.7x107" 1, (25)

where M is the molecular weight of the metal (i.e., Fe), i, is the anodic

a
current density (A/cnz), z is the charge of the metal ion, p is the density of
the metal, and F is Faraday's constant. The rate is also proportional to the
concentration of metal ions in solution at the crack tip; i.e.,

a~ [Me*t] = Reg/ e 1%, (26)

from Eq. (3), where the metal ions either hydrolyze and diffuse from the crack
tip and/or are removed from solution by the hydrolysis reactions in Eq. (4).
The rate of crack advance increases under conditions where mass transport is
enhanced, i.e., a higher metal ion or metal-ion complex concentration at the
crack tip provides a larger driving force for diffusion and electromigration.
Since the hydrolysis reactions are rapid,23'26 the crack growth rate, con-
ceivably, can increase as the concentration of electrons decreases [Eq. (26)]
by means of the cathodic reactions listed in Eqs. (5)-(14), provided @
species are present in the water. In terms of the Wagner-Traud nechanisnzo
the cathodic partial processes can occur away from the crack tip, i.e., within
the crack or at the crack mouth (external cathode), since electron transport

through the metal is rapid compared to ionic charge transport within the crack
solution.
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If, in contrast to slow uniform corrosion of the passive steel
surface, the rate of the anodic-dissolution partial reaction at the crack tip
ls very rapid fullowing a film-rupture event until repassivation occurs, the
equal but opposite current density i, for the cathodic-reduction partial
reaction may conceivably limit the discolution rate. Under this scenario the
crack growth rates could be expected to follow the exponential dependence of
the concentrations of the individual species in %gs. (15)-(24). The relative
rates of the various cathodic partiel reactions will depend on the concentra-
tion of the reactants (i.e., dissolved oxygen in the case of high-purity water
and the oxyanions in impurity environments), the kinetics of adsorption/
desorption reactions {nvolving these species and their products at the metal-
oxide/electrolyte interface, the rate of electron transfer through the oxide
layer or across the interface, and the pH of the solution. Based on the law
of mass action, all of the cathodic reactions are more favorable in acidic

solutions.

Some insight into the relative efficiency of the various
cathodic reactions in high-temperature water can be obtained from the
dependence of the crack growth rates on the concentrations of the various
species in the bulk feedwater (i.e., Figs. 1.16, 1.17a, and 1.18a). For
example, in high-purity water, the crack growth rate of sensitized Type 304 SS
is proportional to the 1/4 power of the dissolved-oxygen concentration.
Presumably, the solution at the crack tip rapidly becomes deoxygenated and the
crack-tip solution acidifies via the hydrolysis reaction. Consequently, the
crack growth rate could, in principle, be independen: of the dissolved-oxygen
concentration of the bulk feedwater if the hydrogen-ion reduction reaction
(accompanied by possible hydrogen adsorption in the metal and evolution of
hydrogen from the crack) was the rate-limiting step. Similarly, based on the
law of mass action, the addition of hydrogen to the feedwater either with or
without dissolved oxygen could decrease the rate of hydrogen ion reduction in
Eq. (6). However, hydrogen additions of up to 2 ppm to feedwater containing
either 0.02 or 0.2 ppm dissolved oxygen did not produce a measurable decrease
in the crack growth rate of sensitized Type 304 SS in 289°C water in labora-

tory CERT experinents.ls

In view of the dependence of the crack growth rate
on the 1/4 power of the dissolved-oxygen concentration and the observation

that IGSCC is essentially mitigated in low-oxygen, low-conductivity water, the
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relative rate of the oxygen reduction [Eq. (5)] is apparently much greater

than that for hydrogen fon reduction [kEq. (6)].

With regard to the effect of the oxyacids on IGSCC of sensi-
tized Type 304 SS in 289°C water at low dissolved-oxygen concentrations, the
crack growth rate depends on the 1/2 power of the sulfate, nitrate, and
arsenate concentrations of the feedwater; which is consistent with the
cathodic reduction reactions [Eqs. (7)-(9)] and the corresponding equilibria
relations [Eqs. (17)=(19)]. 1In the dilute acid environments (pH of 2.7 to
4.8), hydrogen ifons are present in the bulk water as well as in the crack, and
thus, could provide an alternate cathodic reaction to couple with anodic
dissolution at the crack tip. An extensive CERT study of the effects of pH of
H,80,~Na,80, solutions on the SCC behavior of sensitized Type 304 S$S in 289°C
water containing 0.2 ppm dissolvea oxygen showed that pH per se had a minimal
effect on IGSCC; i1.e., the time t» failure of the specimens was virtually
independent of PHygen or plygger at a given sulfate concentration, but
decreased as the sulfate concentration increased for any given pH of the
water.2? These results also imply that the reduction kinetics of the oxyanion
(viz., SO%') and dissolved oxygen are more favorable compared to the cathodic

reduction of hydrogen ions.

The situation with regard to perchloric acid is quite inter=-
esting since the chlorine atom can assume several different oxidation states
in the oxyacid, and conceivably, could be reduced from Cl+7 to C1™ according
to Eq. (10); however, other reactions are also possible [Eqs. (11)=(14)]. The
crack growth rate results in Fig. 1.18 suggest that ~athodic reduction of the
perchlorate anion occurs via Eq. (14), in which the dependence cn the ion
concentration is to the power of 2 in Eq. (24). Since this reaction yields
dissolved oxygen as well as hydroxyl ions, the effluent dissolved-oxygen con-
centration of the water from the autoclave was analyzed on numerous occasions;
however, Lhe values did not increase from those present in the low-oxygen
feedwater. In retrospect, this is not surprising since the quantity of oxygen
that could be produced via this reaction is coupled with the amount of disso-
lution at the crack tip in the CERT specimen and by general corrosion of the
passivated autoclave system. The production of oxygen from both regions would
be small in relation to the flow rate of low-oxygen water in the once-through
system.



39

In the case of boric acid, the boron atom is in the +3 state
and cannot participate in reduction reactions similar to those in Eqs. (5)-
(14). This species has virtually no effect on the crack growth rate of the

26 or in the low-

steel either in the presence of 8 ppm of dissolved oxygen
oxygen environments (Table 1.7 and Fig. 1.18). Carbon and silicon in the
CO%', HCOZ'. or sxo%‘ anions, which may be present in BWR water, are in the +4
state and it is unlikely that these anions can be reduced in high-temperature
water, although carbon assumes different oxidation states in various organic

acids.

In summary, CERT experiments on sensitized Type 304 SS in 2£9°C
water that contains either dissolved oxygen or several oxyacids at low
dissolved-oxygen concentrations indicate that the crack grow.h rates may be
controlled by the concentrations of the various species in the bulk feedwater
through the rate of the respective cathodic reduction reactions, which can
occur at the specimen surface as well as within the crack itself. Plots of
tue crack growth rate as a function of the open-circuit corrosion potential of
the steel or the redox potential of a platinum electrode in Figs. 1.19 and
1.20 show that cracking can proceed at a rapid rate (2-3 x 10~8 mes™l) at
corrosion potentials of -450, 0, and +300 to 500 mV(SHE) in the presence of
H,80,, HCl0,, and either dissolved oxygen, HNO4, or HqAs0,, respectively.
These results suggest that the rate of the cathodic reactions involving the
different species, at their respective concentrations in the water, is the
same (i.e., they produce the same crack growth rate), although the corrosion
potential at wnich this occurs is vastly different for the various species.
Even higher growth rates (7 x 107% mes™!) occur at corrosion potentials
between 100 and 325 «V(SHE) in dilute perchloric acid solutions at the same
strain rate (1 x 107 s~y and degree of sensitization of the steel (EPR =
2 C/cnz). Therefore, a knowledge of just the corrosion or redox potential {is
not sufficient to predict whether a material such as sensitized Type 304 SS is
susceptible to IGSCC in high-temperature water, or the rate at which crack
growth will occur. The corrosion potential must be used in conjunction with a
knowledge of the type and concentration of impurities in the water [e.g.,
dissolved oxygen, oxyanions (particularly those having a central atom with

nultiple oxidation states), and pH (which has a bearing on whether the
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Specimens on the Electrochemical Potentials of (a) Type 304 SS and
(b) Platinum in 289°C Water Which Contains Dissolved Oxygen or

Several Oxyacids at Low Dissolved-Oxygen Concentrations.
closed symbols denote ductile plus transgranular and intergranular

fracture morphologies, respectively.
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cathodic reduction reactions will proceed in the various enviromments). In
the latter regard, it was shown that IGSCC of sensitized Type 304 SS was
inhibited completely in basic (pHygep = 9) NaAsO, and Na,HAsO, solutions at

anfon concentrations of greater than approximately 5 and 20 ppm, respec-

16 +5

tively, although arsenic in the latter salt is in the As

+3

state and thus,
is capable of being reduced to As ° according to Eq. (9)].

On the basis of this work, it may be possible to establish the
synergistic effect of different impurity species along with dissolved oxygen
on the SCC susceptibility of sensitized Type 304 SS. The manner in which the
different cathodic reactions couple with the anodic-dissolution reaction at
the crack tip and contribute to the overall crack growth rate may be as

follows:

SRS % coreny (27)

3. * %
4 N0,

where the contributions to crack growth are obtained from the concentration

. -1 ' - ' -
a (m*s ) = k /[e ] + k./e ]
1 02 3 S0

dependence for the individual species, i.e., the curves in Figs. 1.16-1.18.
Similarly, species that do not appear to have a major influence on the crack
growth process by themselves (viz., nog‘, 3 » C17) could receive lesser
consideration when assessing the amount of crack propagation in a susceptible
material in a particular environment. The range of dissolved-oxygen and
impurity concentrations over which Eq. (27) may be applicable is limited to
relatively low levels because the crack growth rate at a given strain rate
(e.g.y 1 x 10'6 s'l) tends to become independent of the concentration of the
various species at high concentrations (e.g., Fig. 1.18a). Some indication of
this is also evident in Figs. 1.16b and 1.17a for H,50, and the other oxyacids
where the data points at high concentrations fall below the line. In terms of
the slip-dissolution model, the film rupture rate at the crack tip is probably
not sufficient to sustain larger crack growth rates in the presence of higher
oxygen and/or impurity concentrations. However, in simulated BWR environments
(low-conductivity water with 0.2-0.3 ppm dissolved oxygen), small concentra-
tions (<0.1 ppm) of the various oxyanions and other species in the water have
a measurable effect on the crack growth rate of sensitized Type 304 SS at
289°¢.27
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c. Influence of Enviromment on Crack Growth of Type 304 SS under
Cyclic loading in Simulated BWR-Quality Water

To further investigate the effects of dissolved oxygen,
hydrogen, and sulfate on the crack growth properties of Type 304 SS, an
experiment was performed on fracture-mechanics-type specimens of the steel in
the solution annealed and sensitized conditions. In different phases of the
test, the water-chemistry conditions were varied from a reference condition of
0.2 ppm dissolved oxygen plus 0.1 ppm sulfate (as H,S0,) to lower oxygen
concentrations at this sulfate level as well as higher and lower sulfate
concentrations at a fixed dissolved-oxygen concentration in the feedwater.
Measurements of the steady-state open-circuit corrosion potential of the steel
and the redox potential of a platinum electrode located at the outlet of the
autoclave were made. Analyses of the inlet and effluent dissolved-oxygen
concentrations of the water were obtained during each water—-chemistry
condition. The steady~state crack growth rates were determined over time
intervals of ~600-1000 h under low-frequency (8 x 102 Hz), moderate stress-
intensity (Kuax = 27-34 MPa-ml/z), and high-R (0.95) loading conditions at
289°C. The crack growth data for specimens sensitized to EPR values of 0, 3
and 20 C/cu2 are given in Table 1.8 alung with the electrochemical-potential
results and the dissolved oxygen, hydrogen, and sulfate concentrations of the
feedwater during each phase of the experiment, i.e., (1) through (7). The
crack growth rates for each specimen under the different water-chemistry
conditions are shown in Fig. 1.21. The open-circuit corrosion potential of
the steel and the conductivity of the feedwater for each phase of the test are
shown in the insert panel of the figure, where the region above the curve
defines the regime for IGSCC based on CERT data at 289°C and a strain rate of
1 x 107% s~! for this heat of steel.l6»25

The crack growth rates under the reference water-chemistry
condition of 0.2 to 0.3 ppm dissolved oxygen and 0.1 ppm sulfate [(1, 3, and
5) in Fig. 1.21] ranged from 2.8 to 5.0 x 10710 mes™] for the three levels of
sensitization of the material. In moving from condition (1) to (2), in which
the dissolved-oxygen concentration of the water was decreased from 0.2 to
0.002 ppm, crack growth in the sensitized specimens ceased and the rate in the

solution annealed specimen decreased by a factor of 10. Upon returning to the



TABLE 1.8. Crack Growth Results for Type 304 SS Specimens® during an Bxperinentb in Which the Dissolved
Oxygen and Sulfate Concentrations of the Feedwater Were Cycled between a Reference Condition
and Several Different Chemistries Including Hydrogen Additions to the Water

TABLE |.B. Crack Growth Results for Type 304 SS m.—.‘ during an lrnrh-uh in Which the Dissolved Oxygen and Sulfste Concentrations of thw Feedwmter Were Cycled
hetwwen & Reference Condition and Several Different Chemistries Including Hydrogen Additions to the Water

_ Specimen #27 (EPK = 0 Clew’) Specimen #28 (EPR = 2 C/cw?) _QEMMLR-:OC.‘—.Z)
Crack Growth

Test Water Chemistry Electrode Potentlals Crack Growth Crow b
Test Time, COxygen,  Mydrogen, Sulfate, Cond., S04 sS, P, lou(h Rate length, ht-, uv.xh Rate
Gond. b P om pm uS/cm  wN(SHE)  wN(SHE) b RV ) - b:-‘” % - b~V

1 5 0.2-0.3 - 0.1 0.88 +80 +180 0.84 26.5 282100 L 27.0 5.0 x 10710 1.2 7.1 4.2 u 10710
840 1.65 2.67 2.5

2 1007 0.002 - 0.1 0.88 -545 -520 1.73 27.8 20 x 10710 2.7 29.1 0 2.51 28.9 0
2184 1.80 2.62 1.69

3 2357 0.2-0.3 - 0.1 0.88 +120 +215 2.0 28.1 &2 210710 3.2 30.0 3421010 23 29.3 3.4 x 10710
3024 3.04 4.06 3.61

4 3%  0.2-0.3 - - 0.16 +110 4230 3.25 30.0 3.2 x 1070 406 31.5 0 3.58 30.5 ©
4200 4.9 4.09 3.58

S 4393 0.2-0.3 - 0.1 0.88 +120 +19%0 amn 32.3 42x10710 478 32.4 29 %1070 N4 ‘26w
5040 5.69 5.46 4.72

& 5208  0.002 1.4 0.1 0.88 635 640 5.74 36.0 0 5.46 3.7 0 .70 2.3 0
5216 .77 S.41 462

7 6385  0.002 1.4 1.0 8.1 -575% -565 5.79 3.1 sox M sa 13.4 0 464 32.2 1.3 x 1078
7011 5.82 5.25 467

“Compact tension specimens (1TCT) from Heat No. 30956 were solution annealed at 1050°C for 0.5 h (EPR = 0), sensitized st 700°C for 12 h (EPR = 20 Claz).
and 700°C for 25 h plus S00°C for 24 h (EPX = 2 C/cw?).
load ratio and frequency of the positive sawtooth wvefors were 0.95 and 8 x 107 2 Hz, respectively.
"Feedwmter oxygen concentration at the 0.2-0.3 ppe level was approximateiy a factor of 3 higher to compensate for oxygen depletion by corrison of the autoclave system.

b A )
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Fig. 1.21. Effect of Several Simulated BWR Water Chemistries Within
and Outside of the ICSCC Regime on the Crack Growth Rates
of Compact-Tension Specimens of Type 304 SS with Different
Levels of Sensitization under Low-Frequency, Moderate
Stress Intensity, and High-R Loading Conditions at 289°C.

reference water chemistry, i.e., (3), crack growth in the sensitized specimens
resumed at the initial rates. Under condition (4), the dissolved-oxygen
concentration remained at 0.2-0.3 ppm, but sulfate was not added to the
feedwater (a conductivity of 0.16 uS/em) and crack growth in the sensitized
specimens once again ceased, although crack growth in the solution annealed
specimen continued at approximately the same rate as before. Condition (4)
falls just within the regime of IGSCC for a corrosion potential of

+110 mV(SHE) in high-purity water. The benefit of improved water chemistry
(1.e., 0.16 vs 0.88 uS/cm conductivity) at the 0.2-0.3 ppm dissolved oxygen
level is {llustrated in this phase of the experiment. After crack growth
resumed under the reference water-chemistry condition, i.e., (5), the oxygen
concentration was decreased to 0.002 ppm, and 1.4 ppm hydrogen was added to
the feedwater, i.e., condition (€). The steady-state open-circuit corrosion
potential of the steel decreased from +120 to -635 mV(SHE) and crack growth

ceased in all specimens over a time period of ~1000 h during low-frequency

cyclic loading at Kpax = 34 MPa-nI/Z. Water-chemistry conditions (2) and (6)
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Figures 1.22-1.24 show the fracture surfaces, the SCC morphol-
ogy, and the nature of the crack near the tip region for the specimens with
different levels of mensitization (EPR = 0, 2, and 20 C/cmz. respectively).
The 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
SCC fracture surface at low magnification (center micrograph in each figure).
The corrosion-product film was removed from the fracture surface by the APAC
proce||29’3o [1.e.,

permanganate solution (20% NaOH, 3% KMnO,) for 2 h, followed by a hot rinse,

and then in a 20%Z dibasic ammonium citrate solution for 2 h] to reveal the

by exposure of the specimens to a gently boiling alkaline

morphology of the underlying metal. The intact portion of the specimen that
encompassed the crack wss polished and etched to corroborate the mode of crack
propagation and also to determine if macrobranching of the crack had occurred
during the test. The fracture surface morphology and crack path in the
solution annealed specimen (EPR = 0) in Fig. 1.22 indicate that the mode of
crack propagation was transgranular, whereas the micrographs in Figs. 1.2, and
1.24 for the lightly (EPR = 2 C/cmz) and moderately (tLPR = 20 C/cmz) sensi-
tized jpecimens reveal intergranular cracking. Macrobranching of the cracks
was not observed; however, some curvature of the crack front is evident in the
three spe-imens. The fracture morphologies for the three specimens closely
resemble thove of other specimens that were subjected to similar loading

conditions in high-temperature water.31



SENSITIZATION ; LOAD CONDITIONS

f' WATER CHEMISTRY |
EPR=0 C/cm’ R=095 Kz, 27-34MPa-m'’? | 0.002-0.2 ppm O, ;
T R | 1"8x10”Hz, TEMP=289°C | 0.1~1.0 ppm SO ‘

CRACK TIP FRACTURE SCC FRACTURE
REGION SURFACE MORPHOLOGY

Fig. 1.22. Fracture Surface and SCC Fracture Morphology of & Solution
Annealed 1TCT Specimen (No. Z7) aof Type 304 SS after a Crack
Growth Experiment in 289°C Water with Different Simulated BWR
Water-Chemistry Conditions.

U
SENSITIZATION LOAD CONDITIONS: WATER CHEMISTRY |
|

EPR=2 C/cm’ R=095, Kz 27-33MPa-m’ 0.002-0.2 ppm G, |
128 x 10 °Hz, TEMP 289°C | 0.1-1.0 ppm SOF |

sCC

FATIGI®

CRACK TIP FRACTURE SCC FRACTURE
REGION SURFACE MORPHOLOGY

Fig. 1.23. Fracture Surface and SCC Fracture Morphology of a Lightly
Sensitized 1TCT Specimen (No. 28) of Type 304 SS after a Crack
Growth Experiment in 289°C Water with Different Simulated BWR
Water-Chemistry Conditions.
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11. LONG-TERM EMBRITTLEMENT OF CAST DUPLEX STAINLESS STEELS IN LWR SYSTEMS

Principal Investigators:
0. K. Chopra and H. M. Chung

A program is being conducted to investigate the significance of
in-service embrittlement of cast-duplex stainless steels under light-water
reactor (LWR) operating conditions and to evaluate possible remedies to the

embrittlement problem for existing and future plants.

The scope includes the following: (1) characterize and correlate the
microstructure of in-service reactor components and laboratory-aged material
with loss of fracture toughness and identify the mechanism of embrittlement,
(2) determine the validity of laboratory-induced embrittlement data for pre-
dicting the toughness of component materials after long-term aging at reactor
operating temperatures, (3) characterize the loss of fracture toughness in
terms of fracture mechanics parameters in order to provide the data needed to
assess the safety significance of embrittlement, and (4) provide additional
understanding of the effects of key compositional and metallurgical variables
on the kinetics and degree of embrittlement. The relationship between aging
time and temperature for onset of embrittlement will be determined by micro-
structural examination and measurements of hardness, Charpy-impact strength,
tensile strength, and J;. fracture toughness. The kinetics and fracture
toughness data generated in this program and from other sources will provide
the technical basis for assessing the in-service embrittlement of cast
stainless steels under LWR operating conditions. Estimates of the degree of
embrittlement will be compared with data obtained from examination of material
from actual reactor service. Data pertaining to the effects of compositional
and metallurgical variables on the embrittlement phenomenon will help in
evaluation of the possible remedies for in-service embrittlement of components

in existing and future plants.
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A. Material Characterization and Mechanical Testing (0. K. Chopra)

Material was obtained from nineteen experimental heats (static-cast keel
blocks) and six commercial heats (centrifugally cast pipes and static-cast
pump impeller and pump casing ring) of CF-3, -8, and -8M grades of cast duplex
stainless steel. Six of the experimental heats were also procured in the form
of 76-mm-thick slabs. Charpy-impact specimen blanks were obtained from all
heats of material. Blanks for compact tension and tensile specimens were
obtained from sections of the cast pipes, pump casing ring, pump impeller, and
cast slabs. The epecimen blanks are being aged at 450, 400, 350, 320, and
290°C for times up to 50 000 h. Materials from the reactor components and
small experimental heats have completed ~11,000 h of aging and cast materials
from the large experimental heats (76-mm-thick slabs) have completed ~4000 h
of aging. The mechanical test specimens are machined after the thermal aging

treatment.

Fractured impact test bars from three heats of aged cast stainless steel,
grades CF-8 and CF-8M, were obtained from Georg Fischer Co., Switzerland, for
microstructural characterization. The materials are from a previous study of

the long-term aging behavior of cast stainless steel.!

The specimens from
CF-8 material (Heats 280 and 278) were aged for 3000, 10,000, and 70,000 h at
300, 350, and 400°C, whereas the specimens from CF-8M material (Heat 286) were
aged for 1000 and 10,000 h at 400°C. A cover plate assembly from the recir-
culation pump of the KRB reactor was also procured. The reactor was in
service for ~12 yr. The plate assembly was decontaminated and samples were
obtained for microstructural characterization and mechanical testing. The
test matrices for the various mechanical tests and microstructural examination

have been presented.2'3

Data on the chemical composition, ferrite content, hardness, ferrite
morphology, and grain structure of the small experimental and commercial heats
have been rcported.“'s During the present quarter, characterization of the
six large experimental heats was completed. The heats were static-cast in the
form of square (0.61 x 0.61 m) slabs 76 mm thick. All materials were examined
in the three orientations as well as in different locations, namely, material

from the top, middle, and bottom section of the slabs. The orientation of the
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material had little or no effect on either hardness or ferrite content and
morphology. The chemical composition, hardness, and ferrite content of the
different heats are given in Table 2.1. Small experimental heats (i.e., keel
blocks) with chemical composition and ferrite contents equivalent to the large
experimental heats are also listed in Table 2.1. The hardness and ferrite

content values represent the average values for the three locations.

The grain structures of the large experimental heats are shown in
Fig. 2.1. All heats contain a mixed structure of columnar and equiaxed
grains. A change from horizontal to vertical growth of the columnar grains
was observed near the edges of the cast slabs, e.g., Heat 73. The grain size
of Heats 69 (grade CF-3) and 75 (grade CF-8M) 1is smaller than that for the

other heats.

The ferrite morphologies for the large experimental heats are shown in
Figs. 2.2-2.4., The CF-8 and -8M grades of cast stainless steels have a lacy
morphology, i.e., an interlaced network of ferrite islands. The CF-3 grade of
cast steel has a mixture of lacy and acicular morphology. The acicular
morphology is characterized by fine needle-like ferrite distributed in the
austenite matrix. The ferrite contents and morphologies for the large experi-
mental heats are similar to those observed for the corresponding heats of the
keel blocks.

Charpy-impact tests are'in progress at room temperature on the various
heats of material aged up to 10,000 h at 450, 400, 350, 320, and 290°C.
Standard Charpy V-notch specimens were machined from the aged and unaged
materials according to ASTM specificat'on E-23. A Dynatup Model 8000A drop-
weight impact machine with an instrumented tup and data-readout system was
used for the tests. Charpy-impact energies for materials aged for 3000 h at
450, 400, 350, and 320°C are given in Table 2.2. The results indicate that
thermal aging of cast duplex stainless steels with >10% ferrite causes a
substantial decrease in impact energy. Materials with >20% ferr.te show a
drastic reduction in impact energy after aging for ~300 h at 450°C or ~3000 h
at 400°C. 1In general, the low-carbon grades of cast stainless steels exhibit

greater resistance to embrittlement than the CF-8 and ~-8M grades.
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Fig. 2.1. Microstructures Along Verticle Sections of
Various Static-Cast Slabs.
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Fig. 2.2. Microstructures from Three Locations in Static-Cast
Slabs of CF-B Stainless Steel with Ferrite Contents
of 23.4 and 18.4%.
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Fig. 2.3. Microstructures from Three Locations in Static-Cast
Slabs of CF-3 (Heat 69) and CF-8 (Heat 73) Stainless
Steel with Ferrite Contents of 23.6 and 7.7%, Respectively.
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Fig. 2.4. Microstructures from Three Locations in Static-Cast
Slabs of CF-8BM Stainless Steel (Heats 70 and 75) with
Ferrite Contents of 18.9 and 27.8%, Respectively.
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TABLE 2.2. Charpy-Impact Data Obtained at Room Temperature
for Thermally Aged Cast Stainless Steel

Ferrite Impact Energy,® J
Content, Aged for 3000 h at
Heat p Unaged 320°C 350°C 400°C  450°C
CF-8
56 10.1 165 151 146 134 105
59 13.5 183 161 135 132 95
61 13.1 201 155 152 148 100
60 21.1 158 150 149 64 51
Cl 2.2 47 - 41 46 48
Pl 24.1 178 170 158 45 53
CF-3
52 13.5 198 175 189 174 146
47 16.3 184 245 179 151 140
51 18.0 161 143 164 131 125
P3 1.9 241 273 225 292 312
P2 15.6 321 357 - 212 158
4 17.1 156 152 156 - 105
CF-8M
63 10.4 199 137 166 125 126
66 19.9 177 204 166 113 84
65 23.4 179 147 141 51 51
64 28.4 160 140 120 40 42
P4 10.4 182 198 108 74 36

ATests performed on instrumented drop-weight impact
machine with V-notch impact bars (ASTM specification
E~23).

Microhardness measurements of the ferrite phase of several thermally accd
materials were carried out to evaluate the aging behavior of Cr-J'and -8
grades of cast stainless steel. Figure 2.5 shows the influence of thermal
aging on the impact energy and microhardness of the ferrite phase of Heat 51
(grade CF-3) and Heat 60 (grade CF-8). The results indicate that the impact
energy decreases and the microhardness increases with aging time. For a given
aging condition, the microhardness of the ferrite is comparable for Heats 51
and 60. However, the reduction in {mpact energy is significantly higher for
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Fig. 2.6. Room-Temperature Load-time Curves for Charpy
V=Notch Specimens of Heat 60.

an increasre in the strain hardening rate of the material. The strain
hardening rate increases after aging for a relatively short time (1i.e.,

~300 h) and does not change significantly with further aging. The maximum
load for the specimen aged for 300 h {s greater than that for the unaged
specimen. The higher strain hardening rates for the aged material are
assoclated with precipitation in the ferrite matrix. The load-time curve for
the specimen that was aged for 10,000 h exhibits a sudden drop in load,
indicative of a brittle fracture mode. Such load-time curves were typical for
all heats with >20% ferrite.

B. Microstructural Investigation (H. M. Chung)

1. Introduction

Microstructural characteristice of the aged impact-tested specimens
have been investigated by TEM, scanning-electron microscopy (SEM), optical
microscopy, and small-angle neutron scattering (SANS) techniques. The results
of the microstructural examination of the Georg Fischer (GF) materials and the
3-5

KRB pump cover plate have been reported previously. In this reporting
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period, microstructures of the KRB pump cover as well as several laboratory-
aged heats of cast duplex stainless steel (with compositions similar to those
of the KRB material) have been examined further. The microstructural
characteristics were ~orrelated with the fracture behavior of the impact
specimens to provide 4 better understanding of the embrittlement mechanism(s)
of cast duplex stainless steels.® The results showed that three phases were
responsible for embrittlement of the ferrite phase. Precipitation on the
ferrite/austenite phase boundary was also identified, which leads to weakening
of the phase boundary. Precipitates that are responsible for degradation of
the impact-failure resistance of the G. Fischer, KRB pump cover, and several

other heats of cast duplex stainless steel are described below.

2. Precipitates Associated with the Ferrite Phase Embrittlement

The characteristics of the three precipitates, i.e., G-phase,

Type=X, and the chromium=rich a', are summarized below.
G-=Phase

Figure 2.7 shows the characteristic morphology and selected-area
diffraction (SAD) patterns of the G-phase observed in the GF material after
aging at 400°C for 7.6 yr. The precipitates were also observed in the
reactor-aged pump cover material, which was exposed to the coolant at ~274°C
for ~12 yr. Volume fractions of the G-phase in the KRB pump material or in GF
Heats 280 and 278, aged at 300°C for ~8 yr, were not large enough to produce
distinct reflections in the diffraction patterns [similar to those of Figs.
2.7(B) and (C)]. Although 400°C aging produced precipitates of the G-phase in
the ferrite grains as well as on the grain boundaries [Fig. 2.7(A)}), no grain
boundary precipitation was observed after aging at $300°c, During lower
temperature aging, the precipitates were observed primarily in association
with dislocations in the ferrite; this observation indicates a dislocation
ploning effect. The nearly spherical precipitate is ~5 nm in size. The
diffraction patterns are similar to those of the My4Cq phase, but with a
slightly larger lattice parameter. The precipitates also had a cube-on-cube
orfentation relative to the bee ferrite matrix, which would be unusual for the

"2366 phase. (400) reflections were charscteristically weak or absent i{n the



Fig. 2.7. (A) Dark-Field Morphology and (B and C) Charac-
teristic SAD Patterns of the G-Phase Silicide
Observed in CF-8 Cast Duplex Stainless Steel
after Aging at 400°C for 7.6 vyr.

diffraction patterns [Fig. 2.7(C)]. Energy-dispersive x~ray analysis showed
an enrichment of NI and Si in the precipitates. From these results, the
precipitates were i{dentified as the G-phase (a phase rich in Ni and Si), which
has been observed in an Fe~12Cr-4Ni alloy after aging at 4%0 ’(TJ and in
commercial EM=12 (9Cr-2Mo), HT-9 (12Cr-1Mo), and AISI 416 (13Cr) ferritic

’

steels after irradiation at tempecvatures of <425°C.

Ivtv~3 V!rrlE1(4t~n

In both the KRB pump material and GF Heats 280 and 278, aged at
JOO'C for 8 yr, the unidentified (Type~X) precipitatse was always observed on
dislocations. The precipitates observed in the kids pump material, which are
interwoven with the dislocations, have been shown in Fig. 2.3 of Ref. 3.

Apparently, the precipitates were very effective in pinning dislocation motion
in the material aged for a long time near 300°C. The precipitate reflections
in the SAD patterns were weak, diffuse, and streaked, owing to a low volume
fraction and small particle size. In typical SAD patterns containing the

lype~X precipitate mly extremely weak precipitate reflections with a

d=spacing of 0.218 nm were detected. The weak reflections could not be

detected on the microscope screen, No cross-grid patterns could be obtained.
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a' Precipitate

Chromium-rich a' precipitates in the ferrite were observed in the
KRB pump-cover material [Fig. 2.8(A)]. The extremely small (~2 nm) a' pre-
cipitates could not be resolved by TEM either under a strong brignt-field or
under a dark-field imaging condition. The precipitates could be resolved only
under a weak-beam bright-field imaging condition. The mottled morphology
characteristic of the a' was difficult to resolve in the GF material after

aging at 300°C for 8 yr. However, optimum weak-beam iuagin39

at a magnifica~-
tion of 20~40 thousand times revealed a' precipitates 1-1.5 nm in size when
the negatives were developed and examined on a lighted table with a magnifying
glass. Negatives taken under a normal bright- or dark-field imaging condition
did not reveal any a' precipitates in the GF materials. Figure 2.8(B) shows
the a' in the ferrite of Heat 60 (Table 2.1) after aging at 400°C for 1.2 yr.
The precipitate size and morphology are similar to those of the KRB reactor-

aged material.

3. Precipitate Characterization by Small-Angle Neutron Scattering

Although the very fine a' in the GF materials, aged either at 300°C
for 8 yr or at 400°C for 7.6 yr, could be resolved by the weak-beam TEM
technique, the results from the small-angle neutron scattering experiments
showed no distinct intensity peak at ~l-nm diameter, which corresponds to the
size of a' in the materials. However, an intensity peak corresponding to the
G-phase, wihich exhibits a distinct phase boundary (relative to the ferrite
matrix) and a size an order nf magnitude larger than the a', was observed as
shown in Fig. 2.9.10 7The diameters of the most populous scattering centers
shown in Figs. 2.9(A) and (B), i{.e., ~1.6 and ~5.5 nm, are in gcod agreement
witn the sizes of the y~phase observed by TEM for the two aging conditions,
f.e., GF Heat 278 aged at 400°C for 1.2 and 7.8 yr, reepectively. A compari-
son of Figs. 2.9(A) and (B) shows an Ostwald ripening of the G-phase after
aging at 400°C for 7.6 yr. The absence of an intensity peak corresponding to
the a' size (1-2 nm) in Fig. 2.9 {s not surprising since a distinct phase
boundary {s not expected between the chromium-rich a' and the chromium~-
depleted ferrite phase in the materials.






Fig. 2.9.
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4. Grain Boundary Precipitate

A distinct difference between the microstructures of the laboratory-
aged GF materials and the reactor pump-cover material involves precipitation
of a graln boundary phase in the latter. Bright- and dark-field morphologies
and a SAD pattern of the graiu boundary phase observed in the KRB pump cover
have been reported previou-ly.3 The phase was observed on the boundary
between the austenite and ferrite grains. Several different zone axes of the
SAD patterns were obtained. Indexing of the diffraction patterns showed that
the grain boundary precipitates were H23C6 carbides (fcc, lattice constant
observed ~1.065 nm), which had cube-on-cube orientation relative to austenite.
The overall distribution of the grain boundary phase could be more clearly
observed in low-magnification optical micrographs. For example, in the KRB
pump materfal, ~60Z of the austenite-ferrite grain boundaries are decorated by
the phase; this observation indicates a possible weakening of the grain
toundaries.’ Aging of Heat 60 also ylelded grain boundary precipitation of
the My4Cy carbide [Fig. 2.8(B)]. The chemical composition of Heat 60 is very
similar to that of the reactor pump material. However, the grain boundary
My4Cq carbide was not observed in the low-carbon Heat 51 after aging at 400°C
for ~1.2 yr. The absence of grain-boundary carbide precipitates in Heat 51
and the GF materials, {.e., Heats 280 and 278, is most likely related to the
low=carbon contents (Table 2.1) compared to the higher carbon contents of the

reactor pump cover and Heat 60 materials.

The precipitation of grain boundary carbides appears toc be responsi-
ble for the rapid reduction in the impact energy for the high-carbon Heat 60
compared to that for Heat 51 [Fig. 2.5(a)). However, the microstructural
characteristics of the ferrite matrix are similar for the two heats and, as
expected, the hardnesses of the ferrite phase are comparable [Fig. 2.5(b)].
The grain-boundary "2306 precipitation in Heat 60 vas significantly smaller
after aging at 350°C for 10,000 h than after aging at 400°C for similar times.
This is believed to be one of the factors that contribute to the higher impact
energles for Heat 60 aged at 350°C relative to those aged at higher tempera-
tures. However, the lower hardness of the ferrite phase for the material aged
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at 350°C indicates that other factors, viz., the microstructural characteris-
tics of the ferrite matrix, also contribute to the overall embrittlement
behavior.

5. SEM Frac tography

Comparative fracture surface morphologles of the laboratory-aged GF
materials and the reactor pump-cover material were evaluated by SEM after
room-temperature impact tests. The fracture surface morphology of the ferrite
phase of the reactor pump cover and the GF material aged at 300°C for 8 yr or
at 400°C for 1.2 yr was invariably cleavage-type (Fig. 2.10), which means
negligible ductility of the phase. Undoubtedly, the ferrite was generally
embrittled by one or more combinations of the above-mentioned precipitates,
L.e., G-phase, Type-X, and a'. It was, In fact, possible to map the cleavage~
ferrite and ductile-austenite portions of a given fracture surface. The
cleavage map of the reactor pump cover indicated that ~50-60% of the overall
fracture surface was ferrite, although the ferrite volume fraction was only
~30%, Although not conclusive, this finding indicates preferential crack
propagation along the ferrite phase under the Impact condition. There was
also some indication of decohesion along the grain boundary of the reacto-
pump-cover material, as shown in Fig. 2.10(B). The relatively smooth
morphology shown in Fig. 2.10(B) appears to correspond to grain boundaries
that are partly covered by ductile tears. However, for the laboratory-aged GF
materials, the avstenite fracture surface morphology invariably showed trans-
granular ductile fatlures, as in Fig. 2.10(A). The Intergranular decohesion
of aged cast duplex stailaless steel, assoclated with the austenite/ferrite
boundary carbide precipitation, may have been observed by other
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