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ABSTRACT

Ful-size welded pipe and laboratory Specimen screening tests have been performed
o evaluate the inltergranu HIES ¢ il g Susceptibility of reference
Type-304 stainless steel ar aindidate near-termremedies. The tests are designed t

;m;yme( andidale reme to be inciuded in the sta.istica pipe test program. The
basss for the statistical pipe test program an 1 the planned test matrix for the pipe tests
are presented Recent elastic-plastic modeling activity on elastic weld constraint is
reported. In order IC better understand the nature of the BWR environment. elec-

trochemical potential measurements have been performed in an operating BWR

dunng startup and tull-power operating conditions. The results of these tests and

laboratory welded specimen electrochemical tests are presented in this report. Fun
damental studies designed to understand the role of ferrite on the intergranular siress
covrrosion cracking resistance of austenitic-based microduplex stainless steels have

begun and preliminary results are presented
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1. SUMMARY

.. period, significant technical results have been obtained for each of ti.e program tasks and are
‘ document. The results include the following

p ] ” Qi ‘I ry tull-size-pine and small-specimen screening tests of candidate pipe remedies

il
&

;ﬁ - t-; pasis for the definitive pipe tests of the pipe remedies
32 0 i
“% = Iw weld constraint computer modeling
4" . 5
i =
2 Ineactor electrochemical potential measurements of Type-304 stainless steel
& OB

5 Laboratory electrochemical potential measurements and polarization measurements of Type-304 stainless

Fei
steol
LN
. Studses of the factors which contribute to the intergranular stress corrosion cracking resistance of microduplex
staniess steeis.

The following summary highlights the work performed.
41 TASK 1 — SCREENING MEASUREMENTS

Stress corrosion tests of full-size welded pipe sections of 10.16-cm-diameter schedule 80 and small tensile speci-
»w s have been parformed on Type-304 stainless steel and candidate remedies to evaluate their resistance to intergranular
#vees corroson cracking in bolling water reactor environments. The remedies which have been considered to reduce or
shmrgle riorgranular stress corrosion cracking susceptibility are the following.

Solution heat treatment of welded pipes

.
B Application of corrosion resistant cladding to pipe inner surface prior to welding
C Appiication of heat sink welding techniques during pipe welding

o)

Application of pressure retaining cast transition to Type-304 stainless steel piping system
3 Application of potential alternate piping materials, Types-316 and -316L stainless steel

A sones of five full-size pipe tests have been performed to screen the remedies presently under consideration These
sty have included three cyclic axial loaded pipe tests in the Large Environmental Fatigue Test Facility and two 4-point
Bendng ppe tests in the CL-4 test facility. Acceierated test conditions were used to reduce the required testing time to failure
These acceierants included high stress cyclic loading. high oxygen water environments, heavy grinding on the inner surface
=W heat aftected zones, and in some welds, high weld heat input. The accelerants varied from test to test and from condition
W eonaton They are described individually for each test. These pipe s eening iests have provided the following results

! Type-304 stainless steel piping welds failed in laboratory 4-in. schedule 80 pipe tests routinely at stresses
above the 269°C yield strength. Both high- and low-heat-input welds, ground and unground inner surfaces are
susceptible 1o intergranular stress corrosion cracking in the weld heat affected zone Post-weld grinding is a
Seévere accelerant to intergranular stress corrosion cracking in this material.

2 All of the remedies examined show an improvement in resistance to intergranular stress comosion cracking
over welded Type-304 stainless steel piping. Solution heat treatment following butt welding appears to produce

11
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mrmunity even when post-weld grinding is applied to the pipe inside surface. The use of corrosion resisy
cladding both as inlay and overlay in laboratory pipe tests appears to greatly improve the ntergranular sty
corrosion cracking resistance of welded Type-304 stainless steel Heat sink welding appears to be a promi
product improvement if applied in the absence of post-weld grinding. Post-weld grinding appears to serioy
diminish the effectiveness of heat sink welding t y eiminating the favorable residual stress state introducedy
heat sink welding. The cast pip ng remedy has provided mixed results. Interdendritic stress corrosion oac
was observed in a cas! pipe weld heat affected zone where <5% ferrite existed while another heat of cast p g
was resistant to intergranular stress corrosion cracking in pipe tests. Further testing is planned

The alternate piping materials Types-316 and -316L stainless stee! tested and examined in these pipe test;
date have shown very promising results. However, a more substantial data base is required before
performance improvement can clearly be established

A limited number of laboratory specimen tests have been performed in support of the full-size-pipe screening test

These tests indicate that heat sink welding does reduce the inner surface sensitization in the weld heat affected zone, th
reducing susceptibility to intergranular stress corrosion crac king. A cast pipe welded specimen containing 13 to 15% ferriy
exhibited intergranular stress corrosion cracking suscept bility in @ constant extension rate test. Further evaluation is i)
progress to understand the cause of the failure

1.2 TASK 2 — STATISTICAL PIPE TESTS

A statistical formulation which provides the basis for the statistical pipe test program is presented. This statistical
analysis differs from the earlier statistical approach in that the number of assumptinns regarding the shape of the reference
and alternate distribution curves are reduced by usir g ime to first failure rather than mean time to failure as the fundamenta
parameter for comparison of factor improvement of the remedy to the reference material. This formulation is developed in
detail in this report

The elastic-plastic finite element analysis study designed to evaluate the effect of elastic constraint on the deformation
behavior of large- and small-diameter Type-304 stainless steel pipe butt welds was performed during this report period. The
addition of residual stress on the pipe inner surface in the model indicates that elastic constraint can occur in the presence of
this stress contribution. Additional modeling and lesting are planned to further elucidate the weld constraint theory

1.3 TASK 3 — ELECTROCHEMICAL MEASUREMENTS

Electrochemical potentials have been measured both in-reactor (Vermont Yankee) and in the laboratory in order to
eslablish the range of potentials present in both actual and simulated boiling water reactor environments for both as-weided
Type-304 stainless steel piping matenal and the candidate remedies materials. The in-reactor measurements were
performed during reactor startup and continued to full-power operation. Concurrently, water chemistry measurements were
being performed by another organization (Nuclear Water and Waste Technology) under contract to EPRI in the Vermont
Yankee boiling water reactor and these results have been made available to General Electric The chemistry and elec-
trochemical potential results have been analyzed and clear correlations appear to exist between particular chemical species
in the water and the resultant electrochemical potentials developed. These results are being used to guide the laboratory test
conditions so that meaningful intergranular stress corrosion experiments can be performed

In addition, laboratory anodic polarization tests have begun in 288°C h gh purity water with 0.01 normal sodium sulfate
addition (for electrical conductivity) tc determine the polarization behavior for reference Type-304 stainless steel and the

remedy malerials. At present, the anodic polarization measurements have been performed for mill annealed Type-304

jandreverse potential scans. Based on the in-reactor and ex-reactor potential and potentiokine-

[

on potential of Type-304 stainless steel in an operat ng reactor [-130 mV (standard hydrogen
f ~500 to +600 mV (standard hydrogen electrode)

"

' @ passive potential region 0




TASK &4 — FERRITE EFFECTY STUDY

Work was intiated at Genera Electric Corporate Rest jetermine the factors which

ghe resistance to intergranular siress corr | Cracking of austenitic-based microdupiex s

» o environment The work in this task to da
ironm

water (080

lale has been predom nantly associated with
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2. PROGRAM OBJECTIVE

xment between the Electric Power Research Institute and the General

RP701-1, covering an agree

mabes a2-year program to verily the rehabihty of one or more near-term remedies (o the boil ng water
. problem The aim of the program is to provide a sound statistical basis with which to demonstrate that

ended remedies wil provide immunity to intergranular stress corrosion cracking of welded piping

¢ wow Comee™
‘.”w v

@ Do waler TeRCEX

- 'w".“up,pst.gd?mg the intergra
Mam!e near-term piping re ~edies inboth pipe test and specimen test in simulated boil ng water reactor
e The current kst of candidate pipe r¢ medies with a description of the procedure for application in welded piping

ERM BWR PIPE REMEDIES

Jlar stress corrosion cracking performance of reference Type-304 stainless

-

gt P ratonale for consideral

won follows

210 Betwmon Hea! Treatment of Pipe Butt Welds

§ ham Deen demonstrated by the Genera Electric Company and hy other organizations that weid sensitization of some
F— Ym 04 staniess steel piping « ynbined with high stress (or plastic strain) produces conditions for intergranular
et GUTOMON O acking in the boiling water reactor environment. Further, mill annealed and solution annealed Type-304

'

v sheel pPing S beleved 10 be /mmune i
enagrweert The basis for this immunity is the absence of carbides and hence no chromium depletion at the grain
L dad A prvme prpe-remedy ¢ andidate for welded Type-304 stainless sieel piping systems is therefore to solution heat
Sest P ppe welds  Solution heat treatment of the pipe welds ir addition to eliminating weld sensitization will also relieve the

i bl BY 03505 Wherever possible solution heat treatment cf pipe welds will be performed in the pipe fabricator's
P seoordng Yo procedures approved by the General Electric Company

intergranular stress corroston cracking in the boiling water reactor

The procedure for applying solution heat treatment is presented in Figure 1. Here. the pipe is buft weldea as in the
e of sedgrence Type-304 stainless steel. No unusual welding controls are employed during welding. Following the butt
eenbng cpe aton, the entire pipe segment 1s solution annealed at 1900 to 2000°F (1038 to 1093°C) for 15 minutes per inch of
aacees Dt not Joss than 15 minutes nor more than « hour regardiess of thickness, followed by quenching in ¢ ‘rruldhng
oo ¥ » wrperature below 400°F (204°C). The metal temperature for the slowest cool ng surface spends 2 minutes
Saarg i he lemperature range of 1800 to BOOF (982 to 427°C)

B33 Application of Corrosion Resistant Cladding to Pipe Inside Surface Prior to Field Butt Weld

™o Wiergranular stress corrosion cracking observed in the bypass, and core spray hnes of operating boil ng water
"y plats has been exclusively associated with weld sensitized or furnace sensitized omponents. The carbide
FerPiaiion cbserved in the heat atfected zone inside surface is also present in the weld metal. However, the nature of the
@8 (ausentc-territic) structure of the weld metal provides immunity to intergranular stress corrosion cracking in the
By meber reccion although carbide precipitation is present. In fact, intergranular stress corrosion crac ks propagating from
- ookl Meat Mo 10 zone are blunted when the

they reach the we'~ metal. A minimum amount of ferrte must be present in the

*‘L’m mmunity 10 intergranular stress ' n crackir
e D s tures the minier sm ferrite le

PRy nciuang held weld ng

g N boling water reactor water Based on General Electric

vel re mmended for the corrosion resistant 1\.1’1(1,'1(} s B% after '_ﬂa;

Tere oo two varations of th

( e pioposed use of rnosion resistant cladding as shown in Figure 2

| ¥Where a solubon he it treatment can be performed in the shop pr to the final field weld. the cladding will
cons:st of Type-308L stainless steel with high initial ferrite (1o allow for reduction in ferrite during subsequent
ERAON N lrealme tas shown in region A of F g e 2) The solution heat tre stment will then be performed to

s nnate potentially unfavorabla residual stresses introduced during the cladding operation and to eliminate

™o modest senc zaton expected the region of the ir je rface of the Type-304 stainless steel im




~ NORMAL BUT! WELD

— S

SOLUTION HEAT TREATED FOLLOWING BUTT WELD

Figure 1. Application of Solution Heat Treatment of Ty,e 394 s Steel Pipe Welds

/’— FINAL FIELD WELD

OUTSIDE

PIPE WALL

1

INSIDE

A {CORROSION RESISTANT ( LAL):amc.—l

B (CORROSION RFE SISTANT CLADDING
WITHOUT SOLUY'ON HEAT TREATMENT)

AFTER SOLUTION FEAT TRE ATMENT)
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)

mediately adjacent to the cladding Fuliumng the solution heat treatment region B will be deposited us ing
Type J08L stainiess stee! and the field butt weid will be performed as in the reference Type-304 stainless steel

butt welds

where a solution heat treatment cannot be performed (such as the final closure weld in a pipe repair of an
operating reactor). the cladding material would then be Type-308L or -309 stainless steel with 0.035% carbon
maximum and 8% ferrite minimum. In this case, both regions A and B in F igure 2 would be clad ider tically

213 Application of Inside Surface Heat Sink Welding Control Du.ing Welding

Fwid and laboratory intergranular stress corrosion ¢ racking data reveal that Iugl‘. residual w(-idmg stresses coupled
the apphied stresses plus weld sunsitization provide conditions for ntergranular stress corrosion cr acking of Type-304
o ass steel in the boilling water reactor environment. If a Pipe can be welded without produc INg a sensilized structure and
e resdual tensile siresses in the weld heat affected zone the resultant ¢ ymponent should be resistant to intergranular
-a88 cOrmosion cracking in the boiling water reactor environment The inside surface heat sink welding program is directed
:N development and qualification of procedures that greatly reduce the sensitization produced on the in
s300 pipe and reduce or change the state of surface residual welding stresses from tension to ¢ ompression. Tt
o e used in shop or field applications where either the solution heat treatment or use of a corrosion resistant

rct possibie

wu0 surtace heat sink welding techniques. It has been found that inside surface tensiie surface residual stress is ¢ iced
abstantally or changed from tension to compression as a result of this approach

Laboratory Type-304 stainless stee! butt welds have been produced by General Ele Iric licensees evaluating the

The inside surface heat sink welding program can be performed using sull water flowing or turbulent water or water
g ay coobng of the inside surface by means of a sparger arrangement. In all cases the water ¢ ooling is applied following the
#a! rocd weld layer deposit. The weld is fabricated with normal field welding practice but with the addition of the inside
artace waler cooling following the root pass

214 Application of Pressure Retaining Cast Transition to Type-304 Stainless Steel Piping Systems

Freld and laboratory experience on Intergranular stress corrosion cracking of austenuic stainless steels in the boiling
w@er macior environment reveal that the duplex (austenitic-ferritic) structure is highly resistant to intergranular stress
@orroson oacking in the weld sensitized or furnace sensitized condition if a minimum amount of ferrite IS present. Using this
gproach, cas! transition pieces will be shop-welded to Type-304 stainless steel. The shop-welded pieces will be solution
heat vealodloremove the weld sensitization and relieve the weld residual stresses. The field wel hng would then consistof a
& weld of two cast pipes. This weld ng technique is presented in Figure 3. As in the corrosion resistant cladding remedy
e_on 8 minimum amount of ferrite must be present to provide resistance o intergranular stress COrmrosion crack ng The
WP amneal follow ng Type-304-duplex pipe weld may reduce the feriite in the duplex pipe. Proper specif s will be
@™ooyed 0 assure an 8% mimmum ferrite level after the final field welds

22 YASK OBJE CTIVES

."\mel-“vw!‘.- dintof

~e as olows

{

Wr major tasks. These tasks and a brief des ription of the task objectives

137 Toak s Screening Measurements

“"’ ¥ »
) 2-pipe and laboratory sn« men enina teste "5"\(“" prog

i » 'erw 4 et
. L

"-s y

ow \"!.a-,‘ > & e performed "rhn}" p ",.?y 550°F \"M (‘ ; 1 Stress us ng severe fabr cation
X 2 me
P reterpnce Tyt

Pe-304 stainless steel piping ecimens

NG candidates for statistica it pipe te: J phase of the program

allicading conditions to demon strate aclear pert e remedy as compared to
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ce Candidate Remedy to Type-304 Stainless Steel Pipe Welds

222 Task 2 — Statistical Pipe Tests

The objective of this task is tc verity the reliability of one or more of the candidate pipe remedies through full-size-pg

testing of sufficient scope so as to provide a statistical demonstration of significant margin improvement of the remedy

testing 1s to be performed in 550°F (288°C) high purity oxygenated water at sufficient stress so as to cause the refereng
Type-304 stainless steel welds to fail. Chemical, electrochemical. and melallurgical accelerants may be used

considered appropriate to simulate worst case conditions and to increase the speed of data gathering
223 Task 3 — Electrochemical Measurements

The objective of this task is to determine the corrosion potential of Type-304 stainless steel and reme Jy materials 8
ysiem oxidation potentials in boiling water reactor environments, determine the range of potentials for stress corrose
Cracking susceptibility, and immunity in simulated boiling water reactor environment and couple the laboratory and in-react
re the validity of the statistical pipe verification test program (Task 2). In-reactor test data on Type-X
stainless steel during st irtup, operation

measurements 1o ass

SU
and shutdown conditions will be used to set the minimum laboratory sys!
potentials for Type-304 stainless steel and the remedy materials. In addition. a rugged reterence electrode will be develop
or boiling water reactor application which

! an operate for extended periods of ime over the range of temperatures that ex
- 9

1 the Doting water reactor environment

224 Task 4 Ferrite Studies
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3. TASK 1 — SCREENING MEASUREMENTS — RESULTS AND DISCUSSION

Y FULL-SIZE-PIPE TESTS
BORATOR
3! LA
Full-size-pipe 1esting of 10.16-cm (4-in.) diameter schedule B0 butt welded pipe sections has been performed in the
maronmental Fatigue Test Facility and in the CL-4 test loop to evaluate the intergranular stress corrosion cracking

s E
v of relerence Type-304 stainless steel and screen the various candidate remedy materials. Three full-size-pipe tests

pee” completed in the Large Environmental Fatigue Test Facility (the second, third, and fourth Large Environmental
e Test Facility tests) under ax al loading conditions in 8 ppm oxygenated 288°C (550°F) high purity water and at
fege ‘

qsses woll above the yield strength of Type-304 stainless steel at test temperature. Two pipe tests have been completed in

- L

po CL-4 test faciity (the
n the case of the Large Environmental Fatigue Test Facility tests, the CL-4 pipe tests are being performed in

PG As int 4 9 Y pip P

# pom oxygend

o st wpe(dfuﬂ?

second and third CL-4 tests) evaluating the reference and candidate remedy materials in four-point

ted water at 288°C (550°F) and at a maximum stress greater than the Type-304 stainless steel yield strength

The ppe remedi under consideration to reduce or eliminate parameters that promote intergranular stress corrosion

g are the
treatment of pipe butt welds

resislant cladding to pipe inside surface prior to field butt welding
nk welding techmiques during pipe butt welding
» retaining cast transition to Type-304 stainless stee! piping sysiems
alternate piping materials, Types-316 and -316L stainless steel

Each of thes \edies has been evaluated in the pipe tests performed in Large Environmental Fatigue Test Facility
o nCL-4 Variations of co ion resistant cladding have also been evaluaied in the pipe tests. These variations include
wwey oOverlay tion heat treatment following application of the corrosion resistant cladding, and application of the
COPTORON 18515! 1dding without solution heat treatment. The results of the pipe tests are presented individually and then
awrvrarzed for each remedy

351 Full-Size-Pipe Tests in Large Environmental Fatigue Test Facllity
3111 Introduction

One of the findings General Electric Pipe Task Force* was that intergranular stress corrosion cracking near
w43 n stainless steel piping systems seemed to correlate with the number of startup and shutdown cycles of the plant. This
W39 created considerat nierest in evaluating the relative effect of cyclic load versus static load on the intergranular
e conrosior nq behavio f Type-304 stainless stee!

As part ¢ ) 2 study, ar mental pipe testing program was initiated. During the testing period in 1975,

5 .
2 W2 sze (4- and 6-in. schedule B0) sta nd quasi-static pipe tests and one cyclic pipe test were conducted. The primary

®rectve of these tests w ittemy plicate racent intergranular stress corrosion cracking field cracks in the

- . '
»xory The results e te norted ask Force report

\'.nt-.‘-,‘

LY D by ene flach t vasigate the causes of ntergranuiar stress ¥TOSION Craciung near weids in slainiess steel piping
e -

»
-

W helak &L
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The first cyclic pipe test was unsuccess.ul in generating irtergranular stress corros

cracking data. The crag
! occurred was transgranular and due to pure fatigue Analysis of the data revealed that the appled loading e,
apphed stress level in combination with the relatively high test frequency (1 Hz), caused the mechanica fatigue crack;

completely dominate the corrosion behavior. Therefore, as a result of this finding, together with the successful results ¢

tha

the quasi-static test in which the fieid crack had been duplicated, it was decided to test a second cyclic specimen
substantially reducedtest frequency. The applied stress level was also changed to duplicate the stress level used in the b
tests of full-size-pipe sections in the CL-4 loop

3.1.1.2 Test Objective

The cyclic tensile tests in the Large Environmental Fatigue Test Facility were designed to use axial cyclic loading
sze 4-n. (10 16-cm) schedule 80 welded pipe specimens of reference Type-304 stainless steel and potential re
methods |

eévaluate the relative intergranular stress corrosion crack ng performance of the respective welds in full-g
pipes. Accelerated test conditions were employed to reduce the required testing time. The accelerants used included
Xygen water environment, heavy grinding on the inside surface of the weld heat affected zo
ide with high weld heat input. The accelerants varied from test *o test and from ¢ ondition to condidition
are individually described in the test description of each of the cyclic pipe tests

fuli-s

lress, cycl ading, high

andinwelds m

3.1.1.3 General Test Description and Procedures for the Large Environmental Fatigue
Test Facility Cyclic Tension Tests

A. Specimen Description and Fabrication

Each of the test weldments was fabricated by butt welding eight 4-in. (10.16-cm) long segments of 4-in. (10.16-
e B0 pipe together 1o K

) rm a 32-in. (81.26-cm) long test section. Machined end caps were butt welded to each endg
provide the ck

)sure necessary for pressurization. Both end caps were provided with threaded parts to allg

sunzed water environment to flow through the test sections. Loading adapters were weided to both end caps
2 @ means to connect the specimens to the test machine

The general test specimen config
ugh l). Eacht

Al A2 I

auo

N 1S

e

s presented in Figure 4. The test section includes eight butt welds (welds
it weld has two separate heat affected zones for a total of 18 possible crack initiation sites However, weld

and 12 were fabricated from 4-in_ (10.16-cm) schedule 160 pipe for the second Large Environmental Fatigue Test
Facility test to avoid unwanted cracking in the end cap welds. Thus, 14 weld heat affected zones were tested at the hig
tress levelin the second Large Environmental Fat gue Facility test. An additional transition piece was prepared for the third

ind tourth |

arge Environmental Fatigue Test Facility test so that 18 heat affe led zones were tested at the high stress level
e Environmental Fatigue Test Fac ity tests

B. Test Conditions

APPLIED LOAD (STRESS)

Loading

The ¢

JO(

yci ad was applied 1o the ends of the specimen using the Large Environmental Fatigue Test Facility
riversal test machine. The deflection feedback control mode was selected for the universs
nsiderations. As cracking occurs, in this mode, the specimen stiffness decreases and
reases

g
v

the applied deflection range was adjusted to maintain the desired stress range

id-deflectionrelatior

ship was established. This shakedown process to stable

>

vided by the cross sectional area at the typical weld preparatiof

N corrncion
epi C( OS10

resistant cladding overlay weids, are the same a$

irations 1s 5.58 square inches and the resulting

KO Y SO E TR
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rge Environmental Fatigue Pipe Tests

/~ SINGLE CYCLE LOAD-DEFLECTION
BEHAVIOR OF TEST PIPE

————————— — 1.75 Oyd = 49 900 psi (344 MPa)

— ~@—— 1.36 Oyd = 38 BOO psi (268 MPs)

BEHAVIOR AFTER SHADEDOWN
BUT BEFORE CRACKING

MINIMUM LOAD

CONTROLLED DEFLECTION RANGES

TEST MACHINE STROKE (DEFLECTION)
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The maximum stress for each of the Large Environmental Fatigue Test Facility tests was selected to be equal g
maximum bending stress used in the CL-4 bending tests. That stress level was 38,800 psi (268 MPa) which is 136% 4
550°F (280°C) yield strength of the test material. The calculated stress level did not include pressure or residual stres,

During later phases of the second and fourth l.arge Environmental Fatigue Test Facility tests the maximum
level was increased to 175% of the 550°F (280°C) yield strength to further accelerate cracking.

2. Cyclic Wave Shape

The cyclic wave shape or control wave form used during all phases of each Large Environmental Fatigue Test Faq
test was trapezoidal with a period of 1.5 hours (see Figure 8). During each cycle, the specimen was subjectedto 5 mi
minimum load [5000 Ib (2268 kg)], 5 minutes during rising load, 75 minutes at full load and 5 minutes during decreasing ig
The test frequecy was therefore 0.67 cycle per hour.

3. Test Environment

During all phases of the testing a high oxygen (8-12 ppm) demineralized water environment at 545°F (285°C)
1120 psig (7.7 MPa) was circulated through the inside of the specimen. The flow rate was approximately 2-3 gpm (7.5-1
I/min). The electrical conductivity of the water was maintained belcw 1 umho/cm (2.54 umho/in.). Load was not applied
these conditions were established

TENSILE LOAD (STRESS)

Y

4

5 min 7% min 5 min i 5 min

sl

" PERIOD 90 min

TIME

Figure 6. Cyclic Test Waveform

34

put welds,
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The
pr acbCal USH
O a‘ay C

Descrip

The ¢
o The

avgue Tes

tuntila
xadvon)
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soved lor
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<" Lack on
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on of Resulls

d Full Size Cyclic Intergranular Stress Corrosion Cracking Pipe Test
4 Large Environmental Fatigue Test Facility Test)

L T
Febrication

n.-..oomeff!fo' the second Large Environmental Fatigue Test Fac Ity cyclic tension test was composed of eight

of the Test Pipe

and iwo end pieces, all joined by insert-type groove welds to produce a comp site pipe of 32 inches (81.3 cm)

g pRs eEr
o BIUIO

= sest program is shown schematically in Figure 7 and the remade weldment tested in Phases Il and il of the test

1gf e 105!
.wvwiad"? F

i Figures 9ar

the corrosion resistant cladding, was applied to the Pipe inside surface both as an overlay and as an inlay for

3 - wWhen apphed as an overlay, the clad pipe wall thickness was typically 0.380inch (0.97 cm) whereas the nlayedclad

wel . : > dndan " 1
$ nad 8 wat thickness which typically was 0.300 inch (0.76 cm) Crm(,pq.,.“m;, the pipe test only stressed the overlayed

4 peces Each segment was prepared with a unique material weld practice, or weld treatment (e g.inside
W prece " »
trol, corrosion resistant Cladding, solution heat treatment after butt welding). The weldment tested in

ire8. Also included in Figures 7 and 8 is a listing of the specific fabrication process used for each

gL
d

10, the completed pipe weldment is shown inthe | arge Environmental Fat gue Test Fac thty One

" 0 ¢ » 28K AT r e ' 14 ) arl > vel } an 3
saa? Mected zone 10 about 100% of the 288°C ¢ ngineering yield strength. One of the ove riayed welds (F2) and one

tion heat treated following the cladding whereas the overlayed weld (F1) was not solution heat
) - y

8 wedd (H1) were solut
ahw cladding. The solution heat treatment consisted of 1950°F (1066 C) for 1/2 hour plus water quench. In the

sest. Type-312 stainless steel weld metal was used as the pipe cladding material because of it high ferrite content

e 8 Soposited condiion

Boen standard heat input welds practice and high heat INput welds practice were used in the fabrication of the test

S:andard hea! tpractice is considered 40000 joules/in. (15,750 joules €m), maximum, with the first two weld

S bl ' ¢ welding and the remaining two layers by shielded metal arc practice. For the high heat

of mk3s Qas tungsten arc welding was employed for all the layers and the heat nput was imited to a maximum of 76.000
» (30 000 joules/cm)

The ppes were welded in the 1 Osition (pipe rotating, weld ng downhand) to produce welds as repeatable as

e’ wsng manual welding technic It welding start and stop locations were re orded and have been maintained in

#ury 0g books
Description of Pipe Test in Large Environment Fatigue Test Facility

e pepe test was performed in the Large Environment Fat gue Test Facility at 288°C (550 F) in 8 ppm ox ygenated

The maximum stress applied to the pipe initially was 136% of the Type-304 stainless steel y'eld strength and the
. Yequency was 0.67 ¢ ycle/hour. A detailed description of the test general procedure for a'l Large Environmental
5 ®P.e Tes! Facility tests is presented in Subsection 3.1.1.3

T "
'he lesting was perf rmed in “hree phases. The first phase of this test was defined as the penod from the start of  ye

“acl il

gh-wall leak occurred nea ne of the unprotected test welds (Weld E 2)after 233 hours (see Figure 7 for weld

" € e ’ - -~ ~
Ty Suwbsequent ultrasonic examination near other unprotected welds revealed crack indications at welds B2, C1 D1
* -

* &L Asectionof the specimen, inclu Jing all of the ultrasonic test ndications and the leak ng crack, was then cut and

. -
wel for visua * penetrant, and met allographic verit cation of crac k‘m; and cracking mode

the remaining uncracked welds, a new 4-in. (10.16-cm)

vhere the cuts were ma

test examimnator
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12 WELD IDENTIFICATION

r—— ——

END MATERIAL
CAP

mrE END
P IPARATION SURF HEAT
e ENYTIFICATION CON . IN TREAT DEPOSIT d: HEAT NO

————

L A NORMAL or ONE 316S 2P6429
J ny ( NORMAL INE 3 PS21

L VACH NORMAL ONE P521

NORMAL INE £ 3 M7616

NORMAL VEF ) M7616

NORMAL OVEF 3 M7616

NORMAL | NONE M7616

NORMAL - ( E 3 7616
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Figure 9. Pipe Weldment for Second Cyclic Tension Test in Large

Environmental Fatigue Test Facility
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The load was then increased to 175% of the Type-304 stainless steel yield strength at temperature 10 fym
accelerate cracking. This third phase of the test ran tor 260 additional hours. Ultrasonic testing performed after thig
identified cracking in the heat affected zone of weld E2’ (see Figure 8 for location of Weld E2'). The pipe was cut apart ang
complete dye penetrant inspection was performed. Cracking was identified in the heat affected zones of additional weids
complete weld-by-weld summary including test time and cracking data is presented in Table 1 for the refei ence welds 3

Table 2 for the remedy welds. Metallurgical investigation of the cracked welds followed the dye penetrant tests
3. Post-Test Metallurgical Examination of Second Large Environmental Fatigue Test Facility Pipe

The primary method used for periodically inspecting the test welds for crack initiation was during testing by ultrasg
measurement. Baseline ultrasonic test measurements were made and recorded at the beginnirig of each phase of testin
These measurements were then compared to the data obtained atthe end of each phase. Changes relative to the base
were assumed to be indications of cracking. When significant ultrasonic test indications were identified, visual and ¢
penetrant inspections were performed on the pipe. In each case post-test metalturgl(:d evalyation was po"urmeq
determine the extent of cracking and crack morphology. This metallurgical evaluation included macro examination of the pigg
nside surface and macro and micro examination by destructive metallography

The macro and micro examination of each of the welds where dye penetrant indications were observed confirme
o F:

cracking as intergranular stress corrosion cracking in the weld heat affected zone. This result was particularly surprising fg
the cast CF8 pipe where no cracking was expected (Weld E17). Subsequent ferrite measurements of this weld indicated t
the residual ferrite was less than 5%. A comparison welded cast pipe section with 11% to 142 ferrite (Weld H2) did not crack
juring the test. A photograph of typical cracking observed in the cast pipe with less than 5% ferrite i1s shown in Figure 14
where an interdendritic stress corrosion crack i1s seen with a depth of 136 mils (0.35 cm). Additional stress corrosion crackg
were observed in this pipe weld heat affected zone with crack depth of from 13 to 144 miis (0.033 to 0.360 cm)

The cracic depths for these cracks were surprising considering that the cracks on the pipe inside surface were no mon

than B0 mils (0.2 cm) in length. The extremely short crack fronts in this material were probably a result of the long columnar
ng inthe direction ofcrack g th providing an easy path crack propagation. An additional factor contributing lo

growth was the very h h level of applied stress during this phase of the test [175 percent of 288°C (550°F)

alcrack in the reference unprotected Type-304 stainless steel weld heat affected zone (Weld E2') is presented
2and 13. As seen in Figure 12, multiple cracking at a distance of 0.2 to 0.3 inch from the weld fusion line occurred
shown in Figure 13 shows a typical intergranular crack to a depth of 51 mils (0.13 cm). The cracking in ths

f the 288°C (550°F) yield strength. No grinding was performed on this weld

ing, particularly post-weld grinding, is a clear accelerant 10
iinless steel piping. In F igure 14 a photomacrograph shows

e pre-weld and in the post-we gions of the pipe. Of
»d exclusively in three | 1 Jround spots where
niliate only n

) gener 1l In the

tergranular stress

4

mental Fatique Tes!
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Table 1
OTECTED TYPES-304 AND -316 STAINLESS STEEL TEST WELDS,

Y, UNPR
e RONMENTAL FATIGUE TEST FACILITY CYCLIC PIPE TEST

SECOND LARGE ENVI

Grinding Test Phases

e ' " m
Pre (0-907)
:.‘f‘& Post (10(."270 ) identification o 1.36 oyd o 1.36 oyd - 1.75 oyd

i
'

S0 Both No cracks by DP

S Both 4 cracks by DP

4 aacks by DP
regh

No cracks by DP
Hgh

St No cracks by DP

Sia 2 1 crack by DP

Hoh No cracks by DP

‘ 1 leak +
.
" 1 crack by DP

No cracks No cracks
by UT by PT

No cracks 6 cracks
by UT by PT

—
re
-
=
el
-
-
L d
-
e
-

891 Test cycles

1384 Test hours

"0 WmEe v (18750 J/om) Maomum
- + MED w0 000 Jiom), Maxmum
o D P e -
- e ev
e Ve Nl al
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Table 2
TEST SUMMARY; PROTECTED (FIXES) TEST WELDS, SECOND LARGE ENVIRONMENTAL
FATIGUE TEST FACILITY CYCLIC PirE TEST

Protection
Method” Test Phases
New Weld ] L]
Grinding CRC SHT Material identification o, - 1.38 oyd o.,=13oyd o,
180-270° 312 None No F1 NC* NC

overiay

312
overlay

None

None

NC

3 small crack
nchcations
by PT

3 small cracks
found by 27

891 Test Cycles
1384 Test Hours

" Std Heat - 40.000 J/in. (15,750 J cm)
' CRC ~ Corrosion Resistant Cladaing
SHT = Soltion Meat Treatment Solstion Anneal
NC = No Cracks Detected by Ultasorwe Test
ur Utrasonic Test
PT - Post-Test Metallurgical
? Baw Belore Butt Weld
ABW Aler Butt Weid

s . anaumme. e
]
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Figure 12. Macro Photograph of Intergranular
Crack in Type-304 Stainless Steel
Weld Heat Affected Zone, Side E2’,
120 to 180 Degrees
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Under the test conditions descrnibed the piperen edy methcds were effeclive preventing intergranuiai stress

corrosion cracking with the possible exception of one heat of CF8 pipe where the ferrite level was below the

minimum 8% level recommended for boiling waler reactor use The others remedies survived all three phases

of this test (1384 hours) without cracking

The combination of low frequenc high stress loading, high oxygen environment, high heat input welds, and
OMDINE q y S ) y 9
surface grinding appears to accelerate intergranular stress corrosion cracking in Type-304 stainless steel as

seen by comparing failure times with those of field failures

nprotected welds in Type-304 stainless sieel w Il crack even with controlied welding heat input anc no

grinding, but the cracking takes longer

Mistreatment of unprotected Tvpe-304 stainless steel welds has an additional accelerating e ffect. The order of

decreasing severity appears 1o be
k) y api

High heat input plus inside surface grinding
Controlied heat input [~40,000 J/in. (15,750 J/cm)] plus post-weld grinding
High heat input without grinding

Controlled heat input without grinding

Laboratory ultrasonic inspection can effectively locate inside surface cracks from intergranular stress corro-
sion cracking in Type-304 stainless steel pipe weldments before deep penetration and leak'ng occur when a
prior, well-documented, sensitive baseline inspection has been performed

Minute grinding marks are sufficient to trigger integranular stress Corrosion cracking in Ty 4 stainless
steel heat affected zones

3.1.2.2 Third Full Size Cyclic Intergranular Stress Corrosion Cracking Pipe Test
(Third Large Environmental Fatigue Test Facility Test)

The third full-size cyclic intergranular stress corrosion cracking pipe test was desigr ed to test exclusively the heat sink
iing pipe remedy The we'ded pipe was fabricated by joining eight 4-in. (10.16-cm) long 4-in. schedule 80 pipe segments
Type-304 stainless steel as shown in Figure 15. However, uniike the sec ond Large Environmental Fatigue Test Facility
t, additional ra on pi included as part of the welded pipe so that two additional welds ould be tested, welds A

4-in -diameter schedule 160 Type-316

4

iinless steel, one end of which was

y match the Type-304 stainless steel pipe

t was performed to explore potential benefits to be derived from heat sink welding of Type-304

ry work at General Electric on inside surface water cooled Type-304 stainless steel pipe

water cooling reduced the time that weld heat affected zones spent in the sensitizing

nvironmental Fat gue Test Facility test was designed 10 explore = fits indicated

heat M761€ T,;‘v 104 stainless steel piping which had failed readily in the

' test as welded pipe in both the ground and unground

at sink and the reference welds). Pre- and post-weld

' treatments are
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WELD IDENTIFICATION

stresg A 3 c o] E F G H 1
bw the r____———l 12 12 12 12 12 12 12 12 12
ases 318 END
1
E’:?P,E’“%,aocaoa 304 | 304 | 304 | 304 | 304 | 304 |00 | 22O -
‘-r"‘o
STO STD Hi HI HI STD STD  HI
eel as NO 1.D. 1.D. COOLING NO I. D.
COOLING COOLING
1.O. = INSIDE SURFACE
9 no
HI 22 70,000J/in. (27 560J/cm)
NOTES ! WELD HEAT INPUY STD 2= 40,000J/in. (15,750J/cm)
Der of
2 GRINDING DETAILS 0- 90°  GRIND PRIOR TO WELDING
ALL TEST WELDS 90 - 180° NO GRINDING
A THROUGH 1 180 - 220° GRIND AFTER WELDING

270 - 360° NO GRINDING

3 ALL TYPE 304 STAINLESS STEEL FROM HEAT M7616 (THE MOST SUSCEPTIBLE HEAT)

Figure 15. Test Configuration, Third Cyclic Tension Test in Large Environmental Fatigue Test Facility

The heat sink weldino practice used to prepare this welded pipe did not include any cooling of the root layer, other than

e normal gas back purging Subsequent weld passes were water spray cooled on the inside surface using the following
o edure

- A 1-in. (2.54-cm) outer diameter spray nozzle was fabricated from galvanized pipe.

Al the pipe end 16 holes, each 1/16 inch (0.16 cm) in diameter were drilled in an equally spaced pattern

— A water flow rate of 2 gpm (0.15 I/sec) was employed for spray cooling. This was obtained by use of a regulator ;
providing 9 psi (0. 0063 kg/mm?) water pressure

- The spray nozzle was inserted in the pipe a correct distance to completely cover the weld area with water spray

The pipe was rotated during welding while the welder added filler metal at the 12 o'clock position (19 !

" was possible

to visually observe the pipe inside surface during this operation and a momentary bright red color was
L% en the

area under the weld arc. However, the outside surface temperature of the weld immediately after welding was
Kxrowmately 70°F (21°C) Standard-heat-input welds were limited to 40.000 J/in (15,750 J/cm). The welding procedures

7 Pw relorence Type-304 stainless steel welds are as described in the Second Large Environmen‘al Fatigue Test Facility
P Wension test

=3
®

317
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12 12 12 ' 2 12 ' 3

N6 304 304

HIGH WELD HEAT

NOTES 1

WELD
IDENTIFICATION

HIGH WELD HEAT

e

HEAT SINK

]

PR, Y ————

THE HIGH HEAT INPUT ONWELDS A, D, E, F, AND | WAS PRIMARILY
APPLIED IN PASS 2

THEWATER COOLEDWELDS (E, F, G, & H) WERE WATER SPRAYED ON
THE INSIDE SURFACE DURING PASSES 2, 3, AND THE CROWN

SUMMATION OF FABRICATION TREATMENTS

T e B
HEAT AFFECTED HEAT GRINDING ON WATER
ZONE INPUT INSIDE SURFACE | COOLED
SO IR A ——
Al HIGH QUADRANT? NO
A2 HIGH QUADRANT® NO
B1 NORMAL QUADRANT? NO
B2 NORMAL QUADRANT?® NO
Cc1 NORMAL QUADRANT® NO
c2 NORMAL QUADTANT? NO
D1 HIGH QUADRANT?® NO
D2 HIGH QUADRANT?® NO
£l HIGH QUADRANT® YES
£2 HIGH QUADRANTY YES
F HIGH QUADRANT? YES
F2 HIGH QUADRANT? YES
G NORMAL QUADRANT® YES
G2 NORMAL QUADRANT® YES
H1 NORMAL QUADRANT® YES
M2 NORMAL QUADRANT?® YES
" HIGH QUADRANT? NO
12 HIGH QUADRANT? NO

IGRINDING
QUADRANT

0 - 90"
90 - 180°
180 - 270
270 - 360°

Figure 16

CONDITION OF COUNTERBORE

GROUND PRIOR TOWELDING

NO INSIDE SURFACE GRINDING OR REPAIR

GROUND AFTER WELDING

Fabncation Description for Third Cychic Tension Test
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don of Third Cyclic Tension Test in the Large Environmental Fatigue Test Facility
3 O
d cyclic intergranular stress corrosion cracking pipe test was performed in the Large Environmental Fatigue
The thv ngthe same cyclic loading conditions, water chemistry, and test temperature as described in the generalized
i"w u:'u the Large Environmental Fatigue Test Facility tests (see Subsection 3.1.1.3). The maximum load applied
“'ﬂ"" as 136% of the Type-304 stainless steel yield strength at test temperature. The test consisted of one phase
P PO% *122 test cycles (183 hours) when a through-wall leak developed in the heat affected zone of one of the reference
s ent ultrasonic testing and liquid penetrant examination revealed cracks in 14 of the 16 Type-304 stainless
- s“h‘ at atfected zones (8 of 8 reference and 6 of 8 inside-surface-cooled-weld heat affected zones). No cracking was
 aad o the two Type-316 stainiess steel weld heat affected zones. A post-test examination including macro and micro
- was instituted to identify the extent of cracking and the fracture morphology of the test welds.
oy oy
s Post- Tes! Nondestructive Testing and Metallurgical Examination
The nondestructive examination of the test weldment used in the third test included acoustic emission monitoring of
g o 5@ during this test and ultrasonic examination of the test welds before and after the test. The acoustic emission
g Program was performed in hope that one could discern a recognizable pattern which would provide useful
maton regarding the onset of crack initiation and crack propagation rates as well as predicting specimen failure

ne uirasonic test post-test inspection indentified crack indications in 15 of the 16 welds. The indications ranged from
. Ppie O ks extending 360 degrees «i wund the pipe (as shown in unprotected weid heat affected zones A2, D1,and 1), to
oot nacat ons of 1/2 inch (1.27 cm) in length (as presented in heat sink we!d heat affected zone F2). A schematic display
# te o2 asonic test results is presented in Figure 17 along with the welding and grinding specimen details.

Folowing the ultrasonic examination, the pipe was cut axially into two halves and liquid red dye penetrant measure-
ety wore performed on the inside surface of the pipe to confirm the findings of the post-test ultrasonic examination of the
see The penetrant indications on the pipe confirmed the ultrasonic test indications and revealed cracks in 14 of the 16 heat
Sheted zones inthe welded pipe. These heat affected zones included all eight of the reterence heat affected zones and six of
eyt o Pe heat-sink-welded heat affected zones. No cracking was found in the two Type-316 stainless steel heat affected
seem Aschematic summary of the iquid penetrant indications is also presented in Figure 17. The results are nearly identical
» Pose presented in the ultrasonic test summary, as shown in Figure 17. The only discrepancies occurred in the heat sink
wan £2 and F2 where small-amplitude ultrasonic test indications were observed which were not confirmed by liquid
et o

ka noteworthy that the cracking in the six heat affected zones of the heat sink welds is aimost exclusively associated

=% pwt wold grinding. Only in weld heat affected zone E1 does the cracking appear to extend appreciably beyond the
o ewa ground region and the weld E is a high-heat-input weld. Another observation is that the cracking is much more
*werwve n the reference Type-304 stainless steel welds with eight out of eight heat affected zones cracked and the cracking
peraly extends into the unground and ground welding regions as well as being on the post-weld ground pipe surface
“®% 3 wmmanzes the dramatic difference in dejree of cracking between the reference and heat sink welds when
feeared on a quadrant-by-quadrant basis. It appears clear that aimost all (if not all) of the cracking in the heat sink
:."'-"I »as associated with post-weld grinding. Post-weld grinding typically introduces high tensile residual stresses on
.“:‘3:; :‘a niess steel piping surfaces (see results of Electric Power Research Institute/General Electric Program
o fdy ‘:’ Getails, NEDO-20985-1 through -5). This post-weld grinding procedure probably overwhelmed the more
“ ¢85 state which existed following heat sink welding, thus providing a condition of initiation of intergranular stress

._.' ‘:" :: - ":} These results show the dominant effect of state of surface stress on the intergranular stress corrosion
’_‘: e ';f«' bility of Type-304 stainless steel in this environment. The differences in the extent of intergranular stress
S .“ C"-J l?'.'fw-cantho heat sink welds and the reference welds are shown in Figures 18 and 19. In Figure 18, the
e '-' ,,-d ""1 H are shown at 3X magnification on the pipe inside surface. The linear crack indications in the ground

.." :-7 .~ ..*,;L allected zone of each weld can be observed (with the aid of liqu.d penetrant). The cracks are exclusively
'he gninding and are very tight. One was unable to see the cracks visually without the aid of liquid penetrant. A

- Troa,mn .
" 47 07 ol the cracks inthe heat affected zone of weld H identified the crack as an intergranular stress corrosion
- 03‘1 of d;,p’ol.mdte'y 1 millimeter ‘40 m”s)
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Figure 17 Ultrasonic Inspection and Liquid Penetrant Results for Third Cyclic Tension Test in Large Environ
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Table 3
HEAT AFFECTED ZONE CRACKING COMPARISON BETWEEN
REFERENCE AND HEAT SINK WELDS OF TYPE-304 STAINLESS STEEL
(LIQUID PENETRANT RESULTS)
HAZ Quadrants Cracked/Total HAZ Quadrants
Surface Condition Reference Welds Heat Sink Welds
Ground Before Butt Welding 4/8 0/8
Ground After Butt Welding 8/8 6/8
Unground 13/16 1/16

HAZ — Heal Aftecied Zone

Figure 19 shows the extent of cracking in welds B, C, and D which are reference unprotected Type-304 stainless
welds. Here, cracking is seen to occur in both ground and unground sections in the weld heat atfected zone As evideno
the amount of red dye observed in the figure, the cracks are rather open and deep. No metaliography was performed for
of the reference pipe cracks as one crack penetrated the outside surface and leaked. Further, the results of the second
Environmental Fatigue Test Facility test clearly identified this cracking mode as intergranular stress corrosion crac

4. Conclusions

The results of the third Large Environmental Fatigue Test Facility cyclic tension test resulted in the foli
conclusions:

(1) Acoustic emission is not yet well enough understood to be used as an on-line nondestructive test discr
of intergranular stress corrosion cracking in stainiess steel piping systems.

(2) Heat sink welding appears 10 improve the resistance of Type-304 stainless s'eel to intergranular &
corrosion cracking in pipe tests in the absence of post-weld grinding.

(3)  Post-weld grinding of Type-304 stainless steel weld heat affected zones is a strong accelerant to intergr
stress corrosion cracking. Pre-weld grinding has little effect.

3.1.23 Fourth Full-Size Cyclic Intergranular Stress Corrosion Cracking Pipe Test
(Fourth Large Environmental Fatigue Test Facility Test)

1. Fabrication of Pipe

The fourth Large Environmental Fatigue Test Facility cyclic tension test was designed to provide information of
intergranular stress corrosion cracking susceptibility of the potential alternate piping materials Types-316 and
stainless steal in the boiling water reactor environment. As in the second and third Large Environmental Fatigue Tes! Fao
test, eight 4-in. (10.16-cm) long 4-inch schedule 80 pipe segments were butt welded together to provide a welded pg
shown in Figure 20 As in the third Large Environmental Fatigue Test Facility test a transition piece of 4-in schedue
Type-316 stainless steel was welded to test sections A and | so that a total of 18 heat affected zones were availabee
testing. Also included on test were two reference welds of Type-304 stainless steel from a resistant pipe heat (hea! M
provide a standard with which to compare the intergranular stress corrosion cracking behavior of the Types-316 and
stainless steel pipe sections. A total of two heats of Type-316 stainless steel, one heat of Type-316L stainless steel, and
heat of Type-304 stainless steel were included in the test
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All welds were fabricated using high-heat-input techniques. The first two layers were welded using a gast
technique and the third and fourth layers were welded using shielded metal arc technique. All layers were one pagy
Following the butt welding of welds F, G, H, and | (as st.own in Figure 20) this test section (bounded by weld prepay
and the transition piece) was heat treated at 915°F + 15°F (490°C =+ 8°C) for 24 hcurs (10 further accelerate the i
stress corrosion cracking tendency). Pre- and post-weld grinding similar to that performed in the third Large Envirg .
Fatigue Test Facility test was performed on each weld heat affected zone in quadrants, the 0-10-90 degree quad
pre-weld ground and with the exception of weld E which was inaccessible for post-weld grinding, the 180-10-27¢
quadrant was post-weld ground. The complete weldment was ultrasonic test inspected prior 10 test.

2. Description of Pipe Test in the Large Environmental Fatigue Test Facility

The testing conitions used for Phase | of the fourth Large Environmental Fatigue Test Facility cyclic tensile
as described in the general test procedure (see Subsection 3.1.1.3 for details). The pipe was load cycled a! a freq
0.67 cycle/hour 1o a maximum stress of 136% of the Type-304 stainless steel 550°F (288°C) yield strength g
temperature in oxygenated high purity water.

The first phase of the fourth Large Environmental Fatigue Test Facility test ran for 578 cycles (867 hours) after
the weldment was removed from test for ultrasonic test inspection. Indications were observed in weld heat affected 200
and G1 (the reference Type-304 stainless steel which received the post-weld low temperatuie sensitization). No .
indications were observed in the weldment. The pipe section including welds F and G was removed and replaced
welding a 4-in. (10 !6-cm) long piece of Type-316L stainiess steel 4-in (10.16-cm) schedule BO pipe (without post *pO!
temperature sensitization) forming the new test weids F' and G'. The pipe configuration for Phase | and for Phase Il is

in Figure 21 Fig

Phase Il of the test program lasted an additional 139 cycles (209 hours) after which ultrasonic test insp
performed. No crack indications were found on the weldment. In an attempt to further ac 2lerate cracking, the load
increased to 175% of the Type-304 stainless steel 550°F (283°C) yield strength at temperature (Phase II1). This third
phase of the test was stopped after 159 cycles of additio~ 1l testing (239 hours) due to a test loop shutdown. D
shutdown the specimen was examined by ultrasoni. testing. Indications were observed in some of the weldments.
was terminated at this point 1o allow a complete ultrasonic, liquid penetrant, and metallographic examinations of the

3. Post-Test Nondestructive Testing and Metallurgical Examination of Fourth
La'ge Environmental Fatigue Test Facility Cyclic Test Weldment o I
-

The post-test ultrasonic, liquid penetrant, and metallographic examinations of the weldment used in the fourth
Environmental Fatigue Test Facility cyclic tension test has begun. The examination is in its early stages and will be reg
in future reports. At present, not enough information is available to draw conclusions as tothe mode of or extent of crac “POST

the test weldment

3.1.3 Full Size Pipe Tests in CL-4 Test Facllity

3.1.3.1 Test Objective

In an effort to obtain additional pipe test data and to evaluate loading conditions representative of expected
conditions (i.e., pipe bending), a series of bend tests have been performed in the CL-4 test locp to evaluate the interg -0 l
stress corrosion cracking susceptibility of reference Type-304 stainless steel and the potential remedies The initial
the series (the first three-point bend test and the first four-point bend test) investigated the behavior of unprotectad Typ
stainless steel piping weldments in 8 ppm oxygen high purity water at 288°C (550°F) and at high applied stress (max
outer fiber stress was 136% of yield strength at temperature). The test results, reported in the General Electric Pipe ¥
Force Report,' revealed that this test condition could produce intergranular stress corresion cracking in Type-304 §

steel
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Two additional pipe tests have been performed in the CL-4 test facility under four-point bending conditions. the
four-point bend test and the third four-point bend test; these tests screened the potential remedies and/or prg
methods. The remainder of this section describes the weld fabrication details, test procedures, and tes! results 1o
four-point bend pipe tests.

i

3.1.4 Technical Summary of Full-Size Pipe Bend Tests in CL-4 Test Facility
3.1.4.1 Second Four-Point Bend Intergranular Stress Corrosion Cracking Pipe Test

A. Fabrication of Pipe Weldments

The four-point bend test fixture, shown in Figure 22, tests two companion pipes by loading the pipes againgy
other using hydraulic jacks and fixed position ends. The pipes are loaded in bending and the region between the hydn
jacks s at the same load throughout the length of pipe. In this manner, a large number of test welds can be exposed
same loading conditions.

In the second 4-in. (10.16-cm) schedule 80 four-point bend test pii 2 set, the potential pipe remedies which
tested included solution heat treatment after welding, corrosion resistant weld cladding with and without solution
treatment after cladding (applied as an inlay only), using either Type-312 stainless steel or 309L-Mo stainless steel as
weld material, cast CF8 pipe, rolled and seamn welded unprotected Type-304 stainless steel, and reference sea
Type-304 stainless steel pipe. A schematic of the welded pipe pair and the fabrication details are presented in Figure 23
the accompanying table Note that ali specimens were grourd on the inside surface at the counterbore and weld root
the entire pipe circumference. Welding was performed in the 1 g position (pipe rotating, welding performed downhand)
maximum heat input of 76,000 J/in. (30,000 J/cm). Gas tungsten arc and shielded metal arc processes were emplo
the pipe butt welding

For the inlay weld deposits, the shielded metal arc process was employed at normal heat input values. The wek
parameters used for both butt and cladding deposits are presented in Figure 24

B. Description of Pipe Test in CL-4 Test Loop

The second four-point bend pipe test pair was loaded in bending (as shown in Figure 22) at 288°C (550°F) in 8 <
oxygenated water with a maximum outer fiber tensile stress of 136% of the Type-304 stainless steel yield strength
temperature applied to the weld. In this loading configuration, approximately 14°; of the circumference of the pipe is load
at least 90% of the maximum load, anc approximately 25% of the circumference of the pipe was loaded above the g
strength of Type-304 stainless steel at 1. mperature. The pipes were load cycled periodically (typically daily) to si
reactor startup and shutdown conditions. Tt e second CL -4 pipe test ran for a total of 3812 hours and 328 load-\ nload
during which time the test loop was shutdown o: three other occasions for ultrasonic test inspection of the test pipe par.
indications significantly above background were observed during any of the interim inspections. Following the 3812-hour
an additonal ultrasonic testing inspection has been performed. Small indications have been identified in some welds
welded pipe pair has been removed from test and liquid penetrant and metallographic examinations are under way

3.1.42 Third Four-Point Bend Intergranular Stress Corrosion Cracking Pipe Test
A. Fabrication of Pipe Weldments

The four-point bend test fixture used for the third four-point bend pipe test was a fixture similar 1o that show in Figure
for the second four-point pipe bend test. In this bend test pipe set, the corrosion resistant cladding pipe remedy was ®
principal remedy evaluated. as an overlay using both Type-308L stainiess steel and Type-312 stainless steel for cladd
matenial A drawing of the procedure used for applying the overlay i1s shown in Figure 25. In Figure 25, clad region A
solution heat treated following the cladding operation (as shown in the marked region of the fiqure) and region B was ¥
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Figure 23. Makeup of Static Four-Point Bend Test Weldments
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ad. Type-308L stainless stee! was used as cladding matenal for region B exclusively However, for region A, Type-312
ess steel or Type-308L stainless steel was used as cladding material where solution heat treatment followed the
The purpose of using Type-312 stainiess stesl was that the residual ferrite fellowing ¢ iution heat treatment
above the minimum 8% ferrite spec ified for providing immunity to intergranuiar stress corrosion cracking n
10 the corrosion resistant clad pipe welds reference unprotected Type 304 stainless steel and unprotected
16L stainless steel were aiso tested

The pine pair tested in the third p pebend testis shown in Figure 26. The two pipe weldments, 36A and 368, were weld
ed at weld joints C and D. For weldment 36A, welds C and D were overlayed exclusively w th Type-308L stainiess

4

- weldment 36B. weld D was clad exclusively with Type-308L stainless steel while we d C was clad with Types-312

v

inless steel as described above The welding procedures af d details for both pipe weldments are presentedn

Table 4. The welding heat input parameters for butt welding and cladding are as pre ented in the second CL-4 pipe lest

B. Description of Pipe Test in CL-4 Test Loop
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Table 4
THIRD FOUR-POINT BEND TEST FABRICATION DATA
4-In. SCHEDULE 80 FIPE

Protection Method

Heat Grinding Thermal New !
::.‘:: pipe Materisl Input  0-90 90180  180-270  270-360 CRC Treatment Material .
‘i
1) ASTM A312 !
- Type 316L None None None None None None 31161 Pipe
Sta
: L & ASTM A312
Type 304 None None None None None None No
ct ASTM A312 Bufted Bufted Butted Butted 308L Clad SHT Portion 308L. Clad
L Type 304 Prior to
Butt Weld
Std
. (o4 ASTM A312 Buffed Bufled Bufed Butfed  308L Clad SHT Portior 308L Clad ®
Type-304 Prior 1
Butt Weld
=l D1 ASTM A312 Buftad Bufted Butted Buttea 308L Clad SHT Portion 108L Clad 3
Type-304 Prior to
Butt Weld -
. Sta %
’ D2 ASTM A312 Buffed Bufted Buled Buffed 308L Clad  SHT Portion 308L Clad
Type-304 Prior 1o
. Butt Weld
. Y £ ASTM A312
Type-304 ABW ABW ABW ABW None None No
P » ‘ H*gh -
eatmge £2 ASTM A312 g
ung Type-318L ABW  ABW ABW ABW  None None 3161 ! 1
. - 8 ASTM A312 :
Type 3160 None None None None None None 116L Pipe o™
L Sta
"o o ASTM A312
bt Type-304 None None None None None None N¢
ent - O ASTM A312 ABW ABW ABW ABW Weld Clad  SHT 312 Portion E312 and ;
Type-304 312/308L Prior to E308L Clad
po st Butt Weld
L8 High
e ASTM A312 AB\Y ABW ABW ABW Weld Clad SHT 312 Portion E312 and
Type-304 312/308L Prior 10 E308L Clad
N : Butt Weld
s — O ASTM A312 ABW ABW ABW ABW Clad E308L SHT Initia £3081L Clad
. Type-304 3/4-in. BBW

D2 ASTM A312 ABW ABW ABW ABW Clad E308L  SHT Initia £308L Clad
Type-304 3/4.n BBW

'l'l ‘\j‘."
ype-304 ABW ABW ABW ABW None None N¢

-

€2 ASTM A312
Type-316L ABW ABW ABW ABW None None 3161 Pipe
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Figure 26€ Test Weldments for Third Full-Size Pipe Bend Test in CL-4 Test Faciiity

was instituted Weldment 36A revealed ultrasonic test indications at weld heat affected zone E1’ (the replacement
following Phase | of the test), weldment 36B revealed ultrasonic test indications at weld heat affected zone E1' and also
indications in the corrosion resistant cladding weld heat affected zones D1 and D2 Metaliurgical examination o
ultrasonic test indications is presently in progress. A summary of all results obtained to date for this pipe pair is prese
Table 5. No indications were found in the Type-316L stainless steel weld heat affected zones or in the corrosion r
ladding weld heat affected zones of pipe 36A. All reference Type-304 stainless steel weld heat affected zones have o
or have indicated cracking (by ultrasonic testing). The corrosion resistant cladding welds have not cracked but ultrasone
indications have been observed in the weld 36B-D where Type-308L stainless steel cladding was used. These ind
have not been confirmed as cracks at this time. It s~ ould be noted, however, that this weld, 36B-D, was inside surface
following the cladding and butt welding. The post-test metallographic results will be reported in future progress

3.1.5 Summary of Pipe Test Results

The laboratory pipe tests in the Large Environmental Fatigue Test Facility and CL-4 pipe test facility investigaies
intergranular stress corrosion cracking behavior of Type-304 stainless steel and remedy methods at 288°C (550 F)in8

Oﬂ({}r‘f"’ 'Q*WD.’?y water H 4» stress ﬁqh OKYQP'W hi w weld he 1’*";"\‘? 9“'1(""9 and « ycl 3(“1 ng ( nditions were
lo accelerate cracking in the reference and r ‘""1]“;\‘” “""‘>";‘D‘.'!S-(A--' ng tests have provided the | W "j'?&ﬂ
v = o ”
(1) Type-304 stainless steel welded piping material can be failed in laboratory 4-in. (10 16-cm hedule 80
tests routinely at stress« ibove the 289°C (550°F) yield strength. Both high- and low-heat-input welds, §F
1 ungr ] je surfaces are susceptible to intergranular stress corrosion cracking in the weld
ffected zone. Post-weld grinding is a severe accelerant ! ntergranular stress Sion ora -"Q"
erna

o %

o %
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Table 5
SUMMARY OF PHASE Il RESULTS

Number
Heat of Cycles Exposure
Atfected to 136% Time Ultrasonic
(hours) Test

Liquid
Penetrant

Zone YS 550°F

292

2,683
2,683

2,683
2,683

2,683
2,683

380

No Indications
Leaking Crack

No Indications
No Indications

No Indications

No Indications

Crack at 90

No Indications

Indications

indications

hcauons

ng Crack

nadications

Iincications
No Indications
No Indications

catons

Crack 010 90
No Indications

No Data
Crack

No Data
No Data

No Data
No Data

Crack
No Indications

No Data
No Data

No Indications
Crack

No Data
No Data

No Data
No Data

No Data
No Data

Crack

o Indications

No Data
No Data

Metallographic

No Data
IGSCC

No Data
No Data

No Data
No Data

IGSCC
No Data

No Data
No Data

No Data
IGSCC

No Data
No Data

No Data
No Data

No Data
No Data

No Data
No Data

No Data
No Data
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(2) All of the remedies examined show an improvement in resistance 1o intergranular stress corrosion ~

relative to that of Type-304 stainless steel p ping Solution heat treatment frltowmg butt weld NG appe .
provide an immune remedy even when post-weld grinding is applied to the pipe inside surface. The , :
corrosion resistant cladding both as overlay and as inlay in laboratory pipe tests appears to greatly "Mrow
intergranular stress corrosion cracking resistance of Type-304 stainiess steel. Further tes willbe pert,
to quantify the improvement. Heat sink welding appears to be a promising product improvement if apphied g,
absence of post-weld grinding. Post-weld grinding appears 1o seriously diminish the effectiveness of
welding by eliminating the favorable residual stress state introduced by heat sink welding. The cag
remedy has provided mixed results. Interdendritic stress corrosion cracking was observed in a cast Pipe
heat affected zone where < 5% ferrite existed. Further testing is required to identify the margin imprg

using thus potential near-term vumedy

The alternate materials Types-316 and -316L stainless steel examined in these pipe tests to date have g
very promising results. However, a more substantial data base is required before a performance improye

can be clearly established

A summary of the pipe test resulls is provided in Tables 6 and 7 for the reference and remedy methods, compari
matenals test by test. The results of the fourth Large Environmental Fatigue Test Facility test are not included since theg

e ()Vw‘,-"v"f" be ng drmlyzpd

Two additional axial loaded pipe screening tests are planned to complete the series of screening tests prior ©
iguration of the statistical pipe test program. The pipe tests will include all the remedies and protection methods desg
section and will provide the basis for the selection of the remedies to be included in the statistical test prog

3.2 Laboratory Specimen Tests
3.2.1 Test Objective

Laboratory tes! specimens have been prepared from the inside surface of butt welded 4-in. (10.16-cm) scheduls
reference Type-304 stainless steel pipes and the potential remedy methods tor deqree of sensitization measurements
intergranular stress corrosion tests. The degree of sensitization evaluation was performed by electrochemical potentiokd
backscan measurements, andintergranular stress corrosion cracking evaluation using constant load and constant exte
rate testing of the reference Type-304 stainless steel and the candidate remedies. These tests are designed to comp
the pipe test screening effort by increasing the intergranular stress corrosion data base by small specimen testing
providing information regarding the degree of sensitization of candidate remedies. However, the main thrust of the scree
program has been full-size-pipe testing in order to generate the intergranular stress corrosion cracking information re
to select the piping candidate remedies for the statistical pipe test program

The intergranular stress corrosion cracking laboratory specimen tests and the degree of sensitization tests perfo
10 date are presented below

3.2.2 Technical Summary of Laboratory Specimen Tests
3.2.2.1 Laboeratory Specimen Intergranular Stress Corrosion Cracking Tests
Samples, removed from the inside surface of 4-in. (10.16-cm) schedule 80 pipe weldments of the reference Typ

stainless steel and candidate remedies are undergoing intergranular stress corrosion cracking evaluation in constan

4

andconstant e nsionrate tes ur pipe weldments are presently under investic

stainless steel butt we o ¢ 3 it sink welded Y‘p‘, 304 stainless steel welded to itself using inside surface

cooling, cast CF8 butt welde S¢ g a solution heat treatment of the C pool pieces, and Type-304 st

stes! butt welded to cast CF8 and then solution heat treated Sampies removed from the inside surface of these *ela‘

dergoing test by both constant load and constant extension rate methods in 288°C (550°F) high purity water w hew
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Table 6
CYCLIC TENSION TEST SUMMARY IN LARGE
ENVIRONMENTAL FATIGUE TEST FACILITY

(al/OF No. of No. of No. of
..‘T.dion Heats Heats with Heat Atfected Zones
e Evaluated Fallures Falled/Tested Remarks
phetnOd

Environmental Fatigue Test Facility Test Tension Test

g Bocond LA9¢

5/8 Most cracks in grour
”'_‘.d

¢ ‘
~nee Steel two failures ir
~d Sia e ss ott
»
e X

Cuniass
s o0 i »

T

machir

d region

ed re

gion

Steel + Pipe heat failed in unprotected

Intergranular stress corrosion

cracking in heat of CF8 with

5% ferrite

Failure at 175% of yieid
y

strength at test temperature

‘ )4","- s St
b Hea! Treatment condtion

ool ¥ Pipe heat failed in unprotected

S e 318 Stanless Steel /2 No cracking even at 175% of

yleld strength at test

temperature
§ T™d Large Environmental Fatigue Test Facllity Test

Jran———] ‘ Post-weld grinding®
‘.. X4 Stanless

e Low
o Y,(- 104
P Sloal

tarted
"o X4 Ty,

Machined surface

- Yra
Sntn? Vyoe 304

Darmat Slan

el Y B et
nstat e XA Sy
eType

ace wil

M s

o wesd

wih
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Tabie 7
CYCLIC BEND TEST SUMMARY
IN CL-4 TEST FACILITY
Materlal/or No. of No. of No. of
Protection Heats Heats with  Heat Affected Zones
Method Evaluated Fallures Falled/Tested

A. First Three-Point Bend Test
Unprotected 2 1 4/8
Type-304 Stainless Steel
B. First Four-Point Bend Test
Unprotected 3 2 5/12
Type-304 Stainless Steel
C. Second Four-Point Bend Test
Unprotected 2 0 0/2
Type-304 Stainless Steel
Type-304 + Solution 4 0 0/6
Heat Treatment
CF8B 3 0 0/6
Corrosion Resistant Cladding 2 0 0/4
CF3 1 0 0/2
D. Third Four-Point Bend Test
Unprotected 2 2 4/4
Type-304 Stainless Steel
Comrosion Resistant Cladding 1 0 0/4
Corrosion Resistant Cladding 2 o */4
Type 316L Stainless Steel 1 0 0/4

* Post-weld grinding is known o introduce lasge tons e

336

.“v

resdual stessas thus neutral ong the ber eficial res.dual st

Remarks

Both ground and unground
failed 3

Only ground heat affected
zones showed cracking

No post-test examination pes.
formed to date; 3800 hours ¢
test .

2
No post-test examination per-”
formed to date; 3800 hours
test

.

No post-test examination per-;
formed to date, 3800 hours oa
test E

No post-test examination pes =
formed to date, 3800 hours o8
test "

L2

No post-test examination per
formed to date; 3800 hours o8
test s

Both ground and unground
failed

After 2600 hours on test

*Smail ultrasonic test inacsto®
in one heat. Dye penetrant
metallography not yet

Atter 2600 hours on test

ass efacts of hea! % -t

ke



NEDC-21463-1

rhe results of the constant load and constant extension rate tests are presented in Table 8. The 304/304

en. 1 ’
0N nave not failed after conszant load testing for >6200 hours, nor did the constant extiension rate sample reveal

s have .
e ress COMOSION crackng susceptibility It is not surprising, therefore, that the inside surface cooled
P ar s ~ o . . .
-~ m‘htm <ame heat of Type-304 stainless steel are exhibiting dentical behavior. This pipe heat, containing
o '

’aﬂ 1s, residual ferrite, has been particularly resistant to intergranular stress corrosion cracking in tests (see

o855 1of details)
s have been experienced w th the CF8 material (heat 98695) used in this investigation. One of two samples
.-t load in the annealed and welded condition failed by transgranular stress corrosion cracking, while the
consian - ;
o  rate sample failed by intergranular stress corrosion cracking

»

¢ @X10NSC

v a0 of the samples which were annealed after welding failed in the constant load le,’f?ts (one ductilely and one by
) , stress corrosion cracking). both samples failed in the CF8 side of the 304/CF8 weld joint. The constant
png ¥ ate sample also failed in the CF8 portion, and the fracture was by ductile rupture
',‘ " >< v "
1re CFBused in these tests contaned 1110 15% ferrite, and, based on previous experience with high ferrite castings,
eptible to stress corrosion cracking However, metallographic examination indicates that the ferrite

&t nt De SUSL
paracms &0 COMP
assuming the precipitates are ¢ arbides and/or sigma pnase. Further study of the intergranular stress corrosion

s

letely decorated with precipitates (presently unident fied) which provide continuous paths for crack

gty ® undor way

3333 Laboratory Degree of Sensitization Tests

A grogram has been implemented to evaluate the degree of sensitization in large-diameter pipe weldments produced
W P BOOraloy Specimen heat sink welding study. Initially, the 10-in. (25.4-cm) schedule B0 Type-304 stainless steel pipe
»s hava been received for evaluation. The weldments are identified as follows: (1) TW-4, reference manual weld,

s heat DUt (2) TW-13, reference automatic weld, high heat input; and (3) TW-15, manual weld, water spray inside

e cooled, high heat input
l(l&“‘

%
00 houry Sampies have been prepared and submitted for mechanical property determination of the weldments at both room
" ' wrewetre and 288°C. Samples have also been prepared for stress corrosion testing; the constant load tests have begun
e toreiant extension rate tests will be performed soon

nabon
fwcrochemical degree of sensitization measurements are in progress; the results 1c date are given in Table 9. The
= = wved ppe used in weld TW-4 is slightly sensitized [Pa > 0.010 C/cm? (0.025 C/in.?) considered sensitized], but
warty not 10 the extent indicating grossly improper heat treatment. The maximum® degree of sensitization occurs about 50
wn (1 27 mm) from the weld fusion line, and is greatest for TW-13, followed by TW-4, and then the spray cooled TW-15

Aadvonal laboratory specimen tests evaluating the intergranular stress corrosion cracking bzhavior of reference
“®% X staniess steal and potential remedies under chemical and electrochemical potential control are presented in Task
! # rwm roport These tests will identify regions of possible susceptibility of the remedies to integranular stress corrosion
sawrg n near boiling water reactor environments if such regions in fact exist

Seim ¢
® e e gt

=45 45C 0 Y value shown in Tabie §for TW-13 at the tusion ine is an artfact, as this sample containad portions of the weld deposit, the larrite

»

S'ways produces unusually high actve peaks dunng the electrochemical potentokunetc reactivation backscan lest
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Table 8
STATUS OF INTERGRANULAR STRESS CORROSION
CRACKING TESTING OF PIPE REMEDY SPECIMENS

A. Constant Load Tests

Specimen Test Stress, Faillure

Weldment Condition ksl (MPa) Time (h) Ductile IGSCC TGSCe
Type-304 Stainless
Steel 1o itself As Welded 40 (276) 6198 (NF)
Type-314 Stainless
Steel to itse As Welded 40 (276) 1328 (NF)
Type-304 Stanless
Steel to itselt Heat Sink Welded 40 (276) 6217 (NF)
Type-304 Stainless
Stee! to itself Heat Sink Welded 40 (276) 5980 (NF)
CF8 Stainless Annealed and
Steel 10 itself Welded 35 (241) 6098 (NF)
CF8 Stainiess Annealed and
Steel 1o itself Welded 35 (241) 469 X
Type-304 Stainless
Steel to CF8 Welded then
Stainless Steel Annealed 40 (276) 372 X
Type-304 Stainiess
Steel to CF8 Welded then
Stainless Steel Annealed 40 (276) 1263 (NF)
Type-304 Stainless
Steel to CF8 Welded then
Stainless Steel Annealed 40 (276) 299 X

B. Constant Extension Rate Tests

Specimen Test Fracture Stress Fallure Reduction of

Weldment Condition ksi (MPa) Time (h) Area (%) Fracture Mode
Type-304 Stainless
Steel 10 itself As Welded 66.7 (460) 124 333 Ductile
Type-304 Stainless
Steel to itself Heat Sink Welded 65 (448) 107 250 Ductile
CF8 Stainless Annealed and
Steel to itself Welded 47 (324) IA) 26 4 IGSCC
Type-304 Stainless
Steel to CF8 Welded then
Stainless Steel Annealed 54 6 (376) 147 44 2 Ductile

NF — No failure to date
IGSCC — Intergranular stress corrosion cracking
TGSCC — Transgranular stress corrosion cracking

3-38
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Table 9
DEGREE OF SENSITIZATION MEASUREMENTS IN TEST WELDS DETERMINED
ELECTROCHEMICALLY IN 0.5 M H.SO, « 0.01 M KSCN AT 30C (86°F)

Scc Distance from Weld Fusion Line, Weldment
mils (mm) TW-13 TW-4 TW-15
0 0.851° 0.091 0119 I
50 (1.27) 0532 0.270 0108 H
100 (2.54) 0170 0.057 0034 |
As Received 0.009 — -

*Units are C/cm*

339/340
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4. TASK 2 — STATISTICAL PIVE TESTS — RESULTS AND DISCUSSION

RODUCTION AND TASK OBJECTIVES
i

Al

A statshcal approac h is a requireme W for analysis of stress corrosion Gracking data for a number of reasons First,

and inra-heat variability in the material being inv estigated must be recognized and accounted for. Variability in

chcus between different specimens. and varigdility in testing procedures must be accounted for Variability in

-t ;18";;;; l'“mmm under investigation must also be recognized and accounted for. Second. since some claim as to

re :g.”:n n sress cormosion cracking resistance will be made as a result of the iny estigation. an objective, rigorous
P

ou o P! CH

e f Yo v il
gruficantd flerence in behavior may involve veryilong lesttimes. Statistics offers a means of further shoriening the
as N ‘
wr o

1
o D08

must be made and statistics is the only tool for making such a test. Third, in order to avoid excessively long

ratedtest conditions are required However, even Inder these circumstances. a sim lerelative demonstra
a 4

A n a rational basis
4 1@t bme O
-3

43 ASSUMPT IONS

Onty one assumption is involved in the statistical approach to be used for the demor stration of an improvement in
arees COTOSION Cracking resistance of the desired magnitude. That assumption is that the effe tinreducing specimen life of
e acoeerating factors chosen for these tests is proportional at all levels of all factors for both the reference material and the
swnate, as lllustrated by curve A compared to curve 304 in F gure 27. Those two curves ident fy time to first failure of an
sremale and of Type-304 stainless steel as the levels of various accelerants are made more severe. Itis recognized that this
pporional reduction in life assumption may not be exac tly correct, and that either of two other relationships may exist, as
en: shown in Figure 27, If the effect of one or more acce erating factors is less for the altern ite than for the reference material
rer e stuation illustrated by curve B in Figure 27 would exist. The result of this would be that any predictions made
weadng the alternate under service conditions would be non-conservative that is, the alternate would not perform as well
= »us predicted from the accelerated test. However if the effect of one or more of the ac elerating factors is greater for the
shermate than for the reference material. then a s tuation illustrated by curve C in Figure 27 would exis!. In this situation, the
stwrrate would perform better in service than predicted from accelerated tests. It is difficult to imagine a mechanism by
oich he stuation represented by curve Bm ght exist within the same class fmatenals, and th: probability of its occurrence
& Perefore considered to be insignificant. Since the s tuation represented by curve C results in conservative predictions, its

EXFTence does not cause an error in the wror g direction and it can be 'gnored for the purposes of this test program

43 CRITERIA

Two crite efined for the purposes of this nvestigation. The first is the criterion of a failure in the testing

Fogam. andthe second is the criterion for acceptable improvement. For the purposes of this investigation, the criterion for
oise wil e complete severance of small specimens or a through-wall leaking crack in full Size pipe specimens. The
Fteron lor acceptable improvement will be a factor of at least 20 at the 90% confidence level

f the criterion of failure was b ised on simple expediency: it is much easier to detect the two events
associated with stress corrosion ¢ racking, and their occurrence does not involve any interpretation
tor or operator. The basis for the salect on of a factor ¢ {20 nprovement was the med an time to first

*d Type-304 stainless steel in boiling water reactor service among plants as of 1974 (approximately 5 years)

N\ I < 13 fartnr {
xrease by a dClOr ¢

only about 8 would appear to be adeq ate to meet the requirements of a 40 year design life
i1be anticipatec service. It was therefore decided to build conservatism into the alternate materia by

Ditat | of 20 mprovement in time to first faiiure in resistance to intergranular stress corrosion

4 YesT DESCRIPTION
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INT

TYPEI04
STAINLESS STEEL

TEST VARIABLE LEV L
(STRESS, OXYGEN, STRAIN, CYCLIC RATE, SURFACE ABRASION)

IN SERVIG |

LOG TIME TO FAILURE

Figure 27. Possible Effect of Accelerants on Type-304 Stainless Steel and on an Alternate in Test and in Service

of each material of interest, or process, will be used in the evaluation in order 1o generate representative data
accelerants will be dissolved oxygen and stress. The test matrix will include reference Type-304 stainless steel pipe
and the three most promising candidate remedies determined from the screening tests

45 TEST DURATION ’

The duration of the tests necessary 1o demonstrate some chosen factor improvement is a function of the folio
variables: the maan time to failure of the reference material, the vanability in time to failure among reference welds,
(among alternate material welds) the number of reference welds tested, the number of alternate welds tested, and
desired factor improvement. If the mean time to failure for the materials was 1o be used as a test of the criterion of adequaty
very long testing times would be involved For example, if the mean time 1o tailure for welded Type-304 stainless stenl wik
3 months. it would be necessary to test the alternate for more than 60 months in order 1o demonstrate an improvement de
factor of 20. Itis possible, however, to greatly reduce the test ime required for the demonstration by using time 1o first falkm
as ihe basis for comparison by using mean log time to failures of Type-304 stainless steel and time to first failuwre of tw
alternate

Test duration of alternate materials will be set so that it no failures have occurred by a certainime, relative 1o the ma##
log time to failure of the Type-304 stainless steel specimens, the alternate maternial will be considered qualfied st
that the time to first faiiure of the alternate be at least a factor of 20 times the time to first failure of the Type- 304 stainiess st
But the time to first failure of the Type-304 stainless steel can be estimated with leas! error (smallest variance) by using ™
mean log ime to failure, assuming that the variance among individuals is the historical variance for such testing of coupo
among specimens and heats, and just confirming that the variance observed in this test does not differ significantly from #¥
value, at the 5% leve! It will be assumed that the variance of log time to fail of the alternate would not be greater than #¥
assumed for Type-304 stainless steel; this assumption governs the variance of the ime to first failure of the alternss®

4?2

R N
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46 ANALYSIS OF CONSTRAINT NEAR PIPE WELDS — COMPARISON AMONG DIFFERENT DIAMETER

46.1 Introduction

The General Electric Pipe Task Force report' presented discussion and experimental results Showing thag:
deformation of Type-304 stainless steel near pipe welds is affected by the weld geometry and the neighboring higher
Type-308 stainless steel weid metal. This phenomenon has been called elastic constraint. The constraint effecy oo
plastic flow is significant 1o the pipe cracking problem in that some plastic behavior is believed to be required for g
corrosion cracking and constraint is believed 1o be a function of pipe size 1

46.2 Test Objective

The objective of this taskis to quantity the degree of elastic constraint on the pipe inside surface near bult weids g
(10.16-cm) and 26-in (66-cm) diameter Type-304 stainless steel pipes. The approach currently being pursued to
this behavior is to develop elastic-plastic finite elements models of the weld joints.

The A*SYS computer program is being used 1o perform the finite element analysis. The grid arrangements lor
pipe weld joint models are shown in Figures 29 and 30 The axisymmetric constant strain element STIF2 is being
preliminary calculations. Axia tensile loads are distributed along the end of the pipe away from the weld joint
increased in steps until the applied nominal stress exceeds twice the yield strength of the pipe material. Maternial prg
are chosen 1o be typical of Type-304 stainless steel pipe and Type-308 stainless steel weld metal at operating tempeg

(288°C)

463 Technical Summary of Constraint Modeling

Preliminary results from the 4-in. (10.16-cm) diameter pipe model (strain near the weld on the inside w' ‘
distance from the weld on the outside) did not agree with room temperature pipe testresults obtaned earlier ' Conseq
before proceeding with the analysis of the larger pipe, a number of modeling changes were made. These
lengthening the model, using a higher order finite element (STIF42) and applied displacement rather than load at the
of the pipe. A model of a simple tersile specimen was made 1o evaluate the adequacy of the STIF42 element and

solution techniques for large plastic solutions.

Incorporation of all these modeling changes had little effect on the finite element local strain predictions. P
strains near the weld on the inside of a pipe continue to be much higher than measured (at four locations) in the
temperature pipe test. For the model. these strains are due in large par to loca! bending near the weld.

v

Possible causes for the discrepancy between model and test include (1) the actual joint has deformed dueto
(weld shrinkage) and its geomelry IS not as modeled, (2) material properties in the weld heat atfected zone are
modeled, and/or (3) residual stress (not included in the model) may play a bigger role in the plastic deformation nea s

joints than expected

Recently the finite element model has been refined to include residual stress This was accomphshed introg
fictitious displacement of some elements as an initial conditon. Preliminary results with this mode! variation show that
residual stress affects the strain distribution at low loads. But, as the structure yields, the effect of residual stress 8 G

washed out.

closely represent real welds such as the one shown In Fy

Currently, the model geometry 's being modified to more
ed. If they are shown to be significantly differert

Weld heat affected zone mechanical properties are also being measur
the wrought pipe, the model will be changed accordingly

In addition tc modeling modifications. additional tests of full-size 10.16-cm (4-in ) and 66-cm (26-in.) diamete
are planned. A 10.16-cm (4-.n) schedule 80 weld pipe will again be strain gaged and pulied in axial tension Aco
pipe will be sectioned, strain gaged, and pulled to determine whether results from a section are representative of thed
of afull pipe. If a section test is shown 10 be meaningful, a similar section of a 66-cm (26-in.) diameter pipe will be tested
of size on constraint), plus an annealed section (etfectof residual stress) and a modified section (effect of local geome
10 16-cm (4-in) diameter pipe will be tested

44
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Figure 30. 66-cm-Diameter Scheduie 80 Pipe Fintte Element Weld Constraint Model
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RESULTS AND DISCUSSION
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During heatup, as control rods are withdrawn from the reactor, a decrease of polential with increasing te : :} t
was observed A controlled degassing period at about the boiling point was conducted on August 6. 1976 During the
the potential decreased by 0 150100 230 volt on the stanless steel electrode and about 0.100 volt on the platinum g
These decreases correspond to the drop in both oxygen and hydrogen peroxide as monitored by Nuclear Water ang
Technology personnel The stainless steel electrode responded to both 0, and H,0, changes, while the platinum o
responded to changes mainly in 0, concentration Normally at constant temperature a constant potential would be gype 2
However. the removal of the oxidizing agents lowers the potentials which should have a favorable etfect on plant mas

After the degassing period the potentials rose shghtly even though the temperature increased. The shight
probably caused by the increased concentration of oxygen and hydrogen peroxide as recorded by Nuclear Water angg
Technology. The continuous decrease in potential with increasing temperature was observed until a temperature of g
256°C (493°F) was achieved. At this point an increase in potential was measured which persisted several hours (from
2100 to 0200, August 6 to August 7). This nise in potential was coincident with a decrease in the pH of the reactor wate &
decrease inpH was caused by decomposition of ion exchange resins which had been dropped Into the reaclor vesseldes!
shutdown. For this reason and because conductivity also rose, the reactor temperature was lowered 10 215°C (420)aa
the reactor water cleanup system was run at maximum duty During the cleanup period the pH and conductivity re
acceptable values. In addition, the oxygen concentration dropped due to decrease in radiolysis with temperature
the potential will rise with decreasing temperature, however, the decreasing oxygen and increasing pH morg
compensated for the temperature effect and the potentals dropped All of these chemical variations were measurgfs
Nuclear Water and Waste Technology and coincided with the potential behavior. A second large post ve spike was ren
after the heatup period was re-initiated. The potential of the stainless steel electrode rose to aimost +0 1 volt ver
standard hydrogen electrode at 276°C (530°F). From previous studies it has been found that potentials above on'
cause cracking of highly stressed sensitized Type-304 stainless steel Coincident with the first positive spike of
steel at 256°C (493°F) and the second spike at 276°C (530 F), similar increases in potential were observed onthep
electrode. However . the magnitude of the potential changes of the platinum was much less. It s postulated that the p
electrode is more sensitive 1o hydrogen than the stainless steel and during the chemisiry transient, the hydrogen concetiy
ton rose. At constant pH. increases in H, concentration in a hydrogen sensitive electrode result in a decrease in pogs
Thus, on platinum the increase of potential caused by the decrease In pH was partly compensated by the incre
hydrogen which reduced the magnitude of the positive spike

PR

After the reactor chemistry returned to normal a steady-state potental of about -0.15 to -0.13 volt s
hydrogen scale was measured on the stainless steel and platnum electrode

B

A

At the present time temperature, tlow, corrosion. and oxidation potentials are being continuously recorde ¥
continue to obtain meaningful data all the eiectrodes described will be removed from the autoclave and new elecsil
installied

52.2 Ex-Reactor Electrochemical Measurements

Initial ex-reactor electrochemical studies performed in a recwculating water autoclave facility have yreided
oxidizing and corrosion potentials of stainiess steel as affected by temperature, oxygen, and hydrogen peroxide
polarization studies have shown active-passive behaviur in water at 274°C (525°F) and a difference in polanzaton
between an initially filmed surface and a surface which has had its film altered by subsequent anodic polarizaton

Electrochemical measurements were performed inside a Type-316 stainless steel autoclave using an Ag W
raterence electrode filled with 0.G1 M KCI. The electrode was of Teflon construction and contained a silver wire and3

silver chionde plug A lhquid-to-liquid junction was accompl shed by an asbestos string encased in shrinkable TefoR

Corrosion potentials of Type-304 stainless steel in high purity water were monitored from 66 10288 C (‘-SOlOM
was observed that these potentials increased with sensitization, dissolved oxygen and hydrogen peroxide. and 9ec

with increased temperature
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a in Figure 37 and Table 10 were developed during different rurs and the apparent differences in
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Figure 37). Tius was especially true at the higher temperatures. In tests of both high (9 ppm)
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increased temperature was 1o
al. This is in agreement with previous in-reactor measurements made at Dresden and
ng water reactors

Table 10
THE EFFECT OF HEAT TREATMENT ON THE CORROSION POTENTIALS OF
TYPE-304 STAINLESS STEEL IN AIR SATURATED HIGH PURITY WATER®

Open Circuit Corrosion Potential®
(mV, Standard Hydrogen Electrode)

66 C 121°C 178°C 232°C
rest Treatment (150'F) (250°F) (350°F) (450°F)

MA 120 158 147
MA ¢+ FS 201 188

SA 157
SA + FS a

Cast < 159 118
Cas! + FS 205 19!

. 1 meaohm.om eutral pH :'), 9 ppm
Y amte dienriad after 1 hox Al temperature

=4 yvinaed

L a e sansitization treatment of 40 hours at 621°C (1150°F). then air cooled
SRAon annealed 1/2 hour at 1085°C (1950°F), then water quenched
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Figure 36. The Effect of Heat Treatment on the Corrosion Potential of Type-304 Stainless Steel in Air Saturated High Agl
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Table 11
EFFECT OF OXYGEN CONTENT ON THE CORROSION POTENTIAL OF
MILL-ANNEALED TYPE-304 STAINLESS STEEL (HEAT NO. 7616) AND
PLATINUM IN HIGH PURITY WATER* AT 274 C (525F)

Oxygen Content Hydrogen Conten*’ Open Circuit Potential
(ppm) (ppm) (mV Standard Hydrogen Electrog.)
Type-304
Stainless Steel Platinum

0 0 595
01 .

08

50

90

? Resistivity CR.T = 10 to 13 megohm-cm, neutral pH
® Analysis taken on teed lank using CHEMets®

Obtained during ai bubbling transition from 0.1 ppb to 8 0 ppm
9 gstimated from cakbrated gas mixture used 1or Overressure

feedtank through a sulfite-resin bed The deaerated water from the feed tank was then pumped into the autoclave and
t0 274 °C (525°F). In water containir 1 0 ppb oxygen, the potent stainless steel and platinum dropped to the low val
705 and - 595 mV standard hydrogen electrode, respectively. As the oxygen corn entration was increased to 0.1 pp
ng with a N, - 0.5% O, - 1.6% H, gas mixture the corrosion potential of stainless steel increasedto - 355 mVand

platinum potential decreased slightly 1 650 mV. The decrease in platinum potential apparently was due 1o pla
trode than as an oxygen electrode With 9 ppm oxygen, achieved Dy bubuling with &
ss steel and platinum increased significantly Stainless steel increased o 31 mV an
platinum changed 700 mV to +49 mV Corrosion potentials obtained during the transition between 0.1 and 9 ppm are

given in Table 11 and have intermediate values

526 Anodic Polarization Studies of Type-304 Stainless Steel
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pproximately 30 ohms at 274°C (52

The resistance appe ared low eng ) allow polanzation s e o Le performed ‘\{;'2' cant IR rrections (n pole

specimen electrode and ! aut we decreased by three orders of magnitude to a

Aar

0 mV) would be ne ne < w current d '

gensiies

T ’ v
ed Type-304 sta
starting at i

wre 39 are




FOTENTIAL ey VERSUS STAMD ARD HYDROOGEN ELECTROOL)

2
¥
:

PRt umy sud SEREN I amam s O et e

RHECTION (mV) = 0.116 { sAJcm?)

#th-TO-6th SCAN*® '\‘*\f

CURRENT DENSITY whm?)

(a) F

1st SCAN*® i

ORWARD SCAN

T 4th-TO©th SCAN*

]

IRENT

10
DENSITY (& A/cm?)

HEVERSE SCAN




NEDC 214631

Upon reversing the scan direction (Figure 39b) the current fell 1o values less than that observed during the {g
rse scan the current dropped sharply and became cathodic around + 250 mV. The cathodic
+140 mV. During successive scans this cathodic region eve

due to the reduction of Cr*® 1o Cr'? according t

scan During the first reve!
peaked at + 200 mV and then changed to anodic at
disappeared. The exstence of the cathodic region is thought to be

reaction 61 + 2 CrO, * + 5 H,0 ~ Cr,0, + 10 OH >

As the potential was lowered below + 140 mV the anodic current peaked around 0 mV and with further Oec:g~
potential the current became cathodic around — 120 to —200 mV This second cathodic region persisted 1o 1200
However, at potentials corresponding to the initial active peak (- 500 mV) observed during the forward scan the Cathode
curve flattened out slightly indicating that an anodic reaction (active metal dissolution) was competing for the curient. Belge™:
approximately - 700 mV the back scan curve became the same as the forward scan curve (not shown in Figure 39

\on will be presented on the significance of the various changes in current il
potential observed In the polarization curves and their correlation to possible stress COrfosion cracking. At pre:
interpretation of these polarization curves is made difficult by interferences by other reactions. These interfering reg
occur over the potential of interest and are due primarily to the oxidation-reduction reactions associated with the

used in the autoclave construction. For example. the oxidation of Fe'? to Fe'? has been shown by Indig and Vermilyeg
contribute substantially to the oxidation current in active-passive regions Such reactions can significantly obscure impo ’
regions. Future plans include obtaining a Ti-6Al-4V autoclave and improving water purification methods which will m ¢
d with reactions not relevant 1o the stainless steel corrosion process “

Infuture reports a more detalled discuss

currents associate
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FUNDAMENTAL STUDIES OF FERRITE EFFECTS IN DUPLEX STAINLESS STEELS ON
RESISTANCE TO INTERGRANULAR STRESS CORROSION CRACKING IN
BOILING WATER REACTOR ENVIRONMENT — RESULTS AND DISCUSSION

WTRODUCTION AND TASK OBJECTIVE

reactor experience and numerous laboratory studies conducted in simulated boil ng water reactor environments

n

4 cated duplex stainless steels to be much more resistant to ir tergranular stress corrosion cracking than austenitic
G
A
d-‘SS
cracking in the various boiling water reactor environments. The minimum amount of ferrite, the required chemical
o aseOn C !
. non of the ferrite, and the morph logy of the ferrite 1

s

A

g 0 OV

.‘(< SUC

- .ated To expedite testing of the large number of alloys and heat treatments to be examined in this study, a screening
pgatec !

s he developed 1o detect and screen out al oys and/or heat treatments hi

teels. Itis the goal of this program to determine the metallur ical conditions responsible for this resistance to stress
sieels + 8

equired to inhibit "ﬂt”gfd"ukﬂ stress corrosion (;racklng n

1g water reactor environments will be determined. The effect of cold work as well as the effect of second phase

h as carbides, o phase and «’ phase on the stress corrosion cr acking of duplex stainless steels will also be

ghly susceptible to stress corrosion cracking
ws and/or heat treatments would not be tested mulated boiling water reactor stress corrosion cracking
yS &

treeing the latter for tests on more resistant r

The present results indicate th; : cre g tesls used in the past to evaluate the stress corrosion cracking

" taniti tainless ne ety nre
om w2 Dy Of dustenitic stainie L Correctly pre

= Anacceleratedcorrosiontest wh measures the piting potential in chloride ion media and which accurately predicts
ind duplex stainless steels in 0.01 N H,S0, at room temperature

- dveloped Stress corrosion cr g tests have been initiated on specimens in simulated boil ng water reactor

4

tthe stress corrosion cracking behavior of duplex stainless

s # ¢35 corrosion cracking behavi both austenitic

ewarments. As part of the screening test program, stress corrosion crack ng tests were conducted at room temperature in

NSO,

toant + 3

al lesl was also shown to be very sensitive to changes in microstructural feat ires detecting, for

g f
e

=e~ym the presence of M,,C, precipitates formed at austenite grain boundaries and along austenite-ferrite phase

e s as well as o’ phase (475°C embrittiement) which forms in and embritties the ferrite phase. Should future stress

= mon ack testing in simulated boiling water reactor environments show such microstructural features to be deleterious

® ®=ms corrosion cracking resistance, then the pitt ng potential test will be useful in screening duplex stainless steels

ey these harmful phases

&™ough 1t e stress corrosion crack ng behavior of duplex stainless steels, corrosion
- twaucied on fu ustenitic stainless steel (which was used as a benchmark dur ng the development of a stress
e orackung screening test) rovealed an interesting etfect deemed worthy of disclosure in this report. The results of the
W= ®ec niergranular corrosion tests. the pitting tests, and the stress corrosion cracking tests indicate that prior
g voatm 4 marked effect on the corrosion and stress corrosion crackir g be tor of sensitized austenitic

transmission electron micros py indicates that intergranula precipitation of M(\’ dur ng

tergrant g lower temperature anneals and the material is

e f 1100

perature of 1100

C does not result in

ntergranular stress corrosion crac king

TR
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6.3 SUBTASK 1 DEVELOP A TESTING PROCEDURE TO ASSESS THE STRESS CORROSION CRACKE ;
SUSCEPTIBILITY OF DUPLEX STAINLESS STEELS IN THE BOILING WATER Rgp '
ENVIRONMENT

6.3.1 Introduction

The primary test employed in this program to assess an alloy’s susceptibility to stress corrosion cracking in the ' X
water reactor environment will consist of constant extension rate test 1/4-in.-diameter tensile-type specimens im
air saturated high purity water at 289°C and measuring the stress and strain at failure and determining the amount of pram.
intergranular fracture. Because of the limited number of facilities capable of performing the above test, an extensive onaet
effort is being made in this program to develop a screening test capable of assessing an alloy's susceptibility to
corrosion cracking in the constant extension rate test. Such a test could be used to detect and screen out ailoys and/ge
treatments with a high degree of susceptibility to stress corrosion cracking. These alloys and/or heat treatments would ng s
tested in the constant extension rate test facility, freeing the latter for tests on more resistant material.

The initial screening tests to be evaluated are A262C, A262E, and the pitting potential measured in near-neutra =
low pH chloride ion solutions. Initially all alloys studied will be subjected to the above short-time screening tests as well as b
constant extension rate test. These initial results will establish the credibility of the various short-time screening tests.
which do not correctly predict the stress corrosion cracking behavior in the constant extension rate test will be eliminated
future use. Those which adequately describe the stress corrosion cracking behavior will be used for initial screening t
alloy evaluation work and in fundamental mechanistic studies.

il e ol

The A262C and A262E tests were selected because of the long history of their use in assessing the interg
stress corrosion cracking susceptibility of austenitic stainless steels. The pitting potential test was selected princyg
because the pitting potential is a strong function of the chromium content of the alloy. Regions of a material which are k
chromium will pit first and at a lower applied potentiai than regions higher in chromium. This is very important for two re
First, a strong correlation exists between intergranular stress corrosion cracking susceptibility in the boiling water
environment of austenitic stainless steel and the presence of chromium-depleted zories adjacent to grain bound;
Because of the dependency of pitting susceptibility on the chromium cctent, the presence of chromium-depleted g
boundaries in austenitic and in any other type of stainless steel would be detected by the pitting potential tests. Second,
microstructural features in duplex stainiess steels are accompanied by chromium-depleted regions. Consequently,
pitting potential test could be used to detect the presence of these microstructural features. For example, o phase which ¥
form in single phase as well as duplex stainless steeis is a chromium-rich intermetallic compound of transition elements &
is surrounded by a chromium-depleted zone. Similarly, the intermetallic compounds known as R phase and x phase, both el
formed in molybdenum-containing stainless steels, are rich in chromium, and their formation results in the creaboa _‘
chromium-depleted zones. Finally, o’ phase is a chromium-rich phase formed within a miscibility gap existing &
temperatures in the ferrite phase. The a' precipitates contain as much as 90% chromium and result in severe chrg ’
depletion of the ferrite phase as well as embrittiement of the ferrite. Should stress comrosion crack testing show *
microstructural features to be deleterious to stress corrosion cracking resistance, then the pitting potential test will be g
in screening duplex stainless steels containing these harmful phases

g

Constant extension rate test facilities for determining the stress corrosion cracking susceptibility of duplex st
steels in simulated boiling water reactor environments have just recently been completed. Results of stress COmoms
cracking tests on duplex stainless steel in simulated boiling water reactor environments will be obtained in the conses
extension rate test facilities. During the period, screening stress corrosion cracking tests were conducted at room e 2
ture in 0.01 N H,S0,. These results are of interest for several reasons. First, the pH of the test solution mode's the pH il
exists at the tip of a crack even in a sample immersed in a solution with bulk pH 7. Second, preliminary results show 8 wik.
easily discernible difference in behavior between material known to be resistant to stress corrosion cracking in holing ;
reactor environments (e g.. fully annealed austenitic stainless steel) and material known to be highly susceptibie 10 SV
corrosion cracking (e g., sensitized austenitic stainless steal). Third, failure times are relatively short. Fourth and fc
since the tests are conducted in an electrolyte, potentiostatic control of the test specimen is possible providing 1niC
useful in studying the mechanism of cracking. Expanding further on this last point, if intergranular stress corrosion Crac

62



4 related to intergranular corr caused romium depletior boundaries, then it should be possible to

’a”" polarize even a fully ser zed auste s slainless steel sam ifficiently noble potential so that even the

"’—u
’cﬂd‘

32 M

To date thermomechanical process g has bser ompleted on Heat S0099 of T”_u. 308 stainless steel whose

ed Zones are passiv and no Ic er susceptible 1« Zed accelerated corrosion attack so that stress
m-deplete ’
cracking should no longer occur

erlals and Processing

/500 IS listed in Table 12. The as-received 3/32-in. (0 24-cm) diameter welding rods of this alloy were given an initial
eal at one of four temperatures 1350°C, 1100°C, 1050°C, 1000°( lollowed by a water quench. Annealing at
":‘.'J 1 hour and water quenching produces a duplex microstructure consistir g of approximately 25 vol % ferrite. The
B ;““ heat treatments produce a single-phase austenitic matrix. The austenitic material was tested to produce a
~ark for the intergranular corrosion screening tests. The annealed rods were cold drawn to 0.030-in. (0.075 cm)

o wit@ using intermediate anneals after reductions of —-40% at the same initial temperature for 1 hour followed by

- enching. After the iast drawing pass, the wire was sectioned into 1-1/2-in. (3.8-cm) lengths for corrosion testing and
'::;.; (27 3-cm) lengths for siress corresion crack testing. The specimens were then given a final 1-hour anneal and
h. Half the number of specimens given each annealing treatment were subsequently heat treated at 600°C for 24

ter quent hed

o QNG
- A0 W

Table 12
COMPOSITIONS OF TYPE-308 STAINLESS STEEL

Wt % Ferrite
Form Heat No C Si P Ni Number

& Coxd Drawn 13405013 Analysis not completed 95
rdn x36In

sw37g 100

g 4emx91 4cm)

& Cond Drawn
Bl x36In
g 00
EMcomx91 4cm)

84} Testing Procedure

.vl' 10 corrosion and stress cor
W0 %0, a1 60°C
S e el joint
et o

rosion crack testing all specimens were electropolished in a solution of 60¢ H,PO, +
at 1 amp/cm? for 5 minutes. Samples for anodic polarization tests were soldered to an electrical test lead
was subsequently marked off with Glyptal®* paint. Accelerated intergranular corrosion tests were
¥ding to ASTM specifications A262C and A262E. Prior to anodic polarization and accelerated intergranular

- -
waF Nsing, sa npies were uitrasonically cleanead in acetone and rinsed in distilled water

e Aeeuns
]
oy Corrosion Tests

', -
o9 40 « and sensitized Type-308 stainless steel The

es (3.8-cm) in length. A rating of zero in

> grain boundary etching. A rat ng of 2 indicates
n. A rating of 3 indicates severe intergranular penetration

ick of any kind occurred. Followir ya600°Cfo
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Table 13
RESULTS OF A262C TESTS ON TYPE-308 STAINLESS STEEL

2-day Weight 4-day Weight 6-day Weight

Heat Treatment Change* Change* Change*
1350°C/1 h, W.Q. -0.0703 b b
1100°C/1 h, W.Q. +0.0018 -0.0163 0 0401 ‘
1050°C/1 h, W.Q. +0.0715 -0.0097 -0.0135 5
1000°C/1 h, W.Q. +0.0040 0.0123 -0.0083 §
1350°C/1 h, W Q. + 00088 b b

600°C/24 h, W.Q.
1100°C/1 h, W.Q. + -03018 SD

600°C/24 h, W.Q.
1050°C/1 h, W.Q. + ~0.0388 b b :

600°C/24 h, W.Q 1
1000°C/1 h, W.Q. + ~0.0240 b b

600°C/24 h, W.Q

Fig
.

* gms/cm*

® st not compieted

SD — Specrnen dssoived duning ltest

WQ — Water Quench 5 e 40D
P w ! houl
"' F Fadl

roob
boundaries. Although the value of the pitting potential in 0.16 M NaCl of the material heat treated to produce a single phase '
austenitic matrix did not change substantially with sensitization, the pitting morphology of the material annealed at 1100C A
changed markedly with sensitization. Samples as-annealed at 1100, 1050, and 1000°C to produce an all-austenite mats A
exhibited a relatively low pit density of 2-4 pits/cm? following anodic polarization. The pits were large and not cleaty B *+on
associated with any particular microstructural feature. Heat treating at 600°C for 24 hours samples which were annealed® J < Ten
1050 and 1000°C for 1 hour resulted in the same pit morphology following anodic polarization as in the fully anne B o
austenitic material — namely, very low pit density (2-4 pits/cm?), with the pits not clearly associated with any parbculs

microstructural feature. As illustrated in Figure 47, the sample annealed at 1100°C and sensitized at 600°C for 24 hours

exhibited a vastly different pitting morphology. Here pit nucleation is very much greater and clearly occurs atgrain boundanes

which are outlined by rows of tiny pits. Thus, in agreement with the results of the A262C and A262E tests, the pitting behawdr

1142

in 0 16 M NaCl of austenitic Type-308 stainless steel annealed at 1000°C and 1050°C is relatively insensitive to sensitizahon :" "'
The pitting behavior of austenitic Type-308 stainless steel annealed at 1100°C is drastically altered by a sensitization anneal s
L Te o

Figure 48 depicts the pitting potential of Type-308 stainless steelin 0.16 M HCl as a function of annealing temper ature g rova
The solid points represent the pitting potentials of materials given a subsequent 600°C for 24 hours heat treatment follow§ -
the 1-hout anneal The pitting potential of the material annealed at 1 100°C is reduced by over 1 volt by a sensitization annell R ¥ tieggy
The pitting potential of the material annealed at 1050°C is also lowered by a sensitizing anneal atthough not nearty ®

drastically The pitting potentials of the matenal annealed at 1350°C and 1000°C were unatfected by the sensitizing anned 'tu-“
L

“wren

64




NEDC-21463-1

RATING

1 = GRAIN BOUNDARY ETCHING

2 = GRAIN BOUNDARY CRACKING

3 =SEVERE GRAIN BOUNDARY
ATTACK

J

1200

TEMPERATURE (YC)

o - - - v 12 R >
at Treatment the rrosion of Type-308 Stainiess Steel in A262 Practice E Test

| Figure 41. The sample given a prior anneal of 1050°C for 1 hour and 1350°C
* ‘o underwent grain boundary etching as shown in Figures 42 and 43, respectively. The attack is greater in the duplex
&« wth the austenite-ferrite boundaries heavily etched. The samples which had been annealed at 1000°C for 1 hour

B

= u $20°C for 24 hours were completely free of corrosion attack

Tatic 13 lists g ) Type-308 stainless st g men : d :
3 lists t los ( >-308 stainless steel sg ens in the as-annealed and annealed-plus-

uksed conditions g multiple 48-h riods of immersion in ng 65% nitric acid. Intergranular attack occurred

- w a0ec mens in th llly annealed condition. In agreement with the rest 52 £, the material annealed at 1100°C
W fer sensitized suffered the greatest attack in A262C. Additionally, th aterial annealed at 1000°C and 1050°C for 1
W e 0 sensitiz are not severely attacked in A262C

L4

%y

“3 Anodic Polarization in Chloride-ion Media

te ’ e '
» were Cx JCieQ

g potential f T';:..A 308 ¢
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Figure 41. Photc micrograph of Type-308 Stainless Steel Heat Treated at
1100°C for 1 Hour, Water Quenched Followed by 600 C for 24
Hours. Water Quenched, then Followed by 3 Days in A262 Prac-
tice E Solution. 250X

Figure 42 Photomic yraph of Type-308 Stainless Steel Heat Treated al
1050°C for 1 Hour, Water Quenched Followed by 600°C for 24
H } Qi hed f 1 by 3 Day A262 Prac
bee n 250X

66
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Figure 43. Photomicrograph of Type-308 Stainless Steel Heat Treated at
1350°C for 1 Hour, Water Quenched Followed by 600°C for 24
hed ’k;“q f wed :\:' 3 "‘ 1), e in ;“75\’2 p/dC’

250X
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Figure 44. Pitting Potential of Type-308 Stainless Steel in 0.16 M NaCl '
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Figure 45. Photomicrograph of Type-308 Stainless Steel Heat Treated at
1350°C for 1 Hour, Water Quenched Followed by 600°C for 24
Hours, Water Quenched and Anodically Polarized in 0.16 M
NaCl. 250X
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.308 Stainless Steel Heat Treated at

1100°C for 1 Hour, Water Quenched Followed by 600°C for 24
nched and Anodically Polarized in 016 M

Figure 47 Photomicrograph of Type

Hours, Water Que
NaCl. 250X

A

5

nnealed single phase austenitic Type-308 stainless steel exhibited a very
0.16 M HCI. Again the few pits formed were not clearly assocull

s annealed at 1350°C to produce & G}
!

As in tests conducted in 0.16 M NaCl, the as-a
pit density of 2-4 pits/cm? following anodic polarization in
with any particular microstructural feature. The pitling morphology of sample
microstructure and that of samples annealed at 1350°C plus heal treated at 600°C for 24 hours was identical to that obk

for the latter in 0.16 M NaCl and depx ted in Figures 45 and 46 namely, pits nucleated atthe austenite-ferrite interface 9%
propagated into the austenite phase. The all-austenitic material annealed at 1050°C plus sensitized (600°C for 24 ol
exhibited numerous pit nuciei as illustrated in Figure 49. Recall trom Figure 48 that this sample had a significantly ool
pitting potential as a result of the sensitizing anneal. The all-austenitic material annealed at 1000°C plus 600°C for 24 hell
exhibited a very low pit density (2-4 pits/cm?) and the pits were not clearly associated with any particular microsinge ‘
feature. As indicated in Figure 50. the material annealed at 1 100°C and sensitized exhibited a peculiar type of pitting
Rows of tiny pits formed along certain grain boundaries, accenting the appearance of these grain boundaries All the
boundaries of this material were in relief following electropolishing Figure 51 shows a high magnificaticn view of an e
stage in the formation of these pits along the grain boundaries. In this photomicrograph, a large pit is extending into 8§

The growth of these fine pits down into the material along the grain boundary resulted in numerous grain puliouts st
dopicted in Figure 52 .
NaCl and 0.16 M HC! both result in minor pitting not associaied
any particular mx rostructural feature of the as-annealed ess steel, as well as of the S&
austenitic material which had first been annealed at 1000°C for 1 hour Recall from above that these same heat tress
resulted in only minor weight losses during A262C testir and resulted in no localized attack of any kind during
testing. Very severe pitting € onfined to the grain boundaries occurred in the 100% austenitic material which was
following @ 1-hour anneal at 1100°C. This hea Jlted in severe attack in the A262C test — the
this heat treatment resufted

completely dissolved during the second 48-hour period of immersion Similarly

1l tests in0.16 M

o

In summary, the pitting potentic
d austenitic Type-308 stain|

t treatment res
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O TESTED IN ASANNEALED CONDITION

@ SENSITIZED (600° FOR 24 h) AFTER 1 h
ANNEAL AT INDICATED TEMPERATURE

l 1 l
1150 1200 1250

TEMPERATURE (°C)

Figure 48. Pitting Potential of Type-308 Stainless Steel in 0.16 M HC!

wed by 600°C for 24
." P arized Iin -6 V
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Figure 50

Photomicrograph of Type-308 Stainless Stzel Heat Treated at
1100°C for 1 Hour, Water Quenched, Followed by 600°C for 24
Hours. Water Quenched and Anodically Polarized in 0.16 M

HCI

250X
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Photomicrograph of Type-308 Stainless Steel Heat Treated at
1700°C for 1 Hour, Water Quenched Foll wed by 600°C for 24
Hours, Water Quenched and An dically Polarized in 0.16 M
HCI. 250X

- ge s penetration in the A262E test. Pits nucleated at the austenite-ferrite boundaries in sensitized duplex Type-308
wams stee! in Doth chloride-ion test solutions. This material suffered localized attack of the austenite ferrite boundaries
wy Pe A262E test but no penetration down the boundary was detected. In the as annealed duplex Type-308 stainless
o ohh was water quenched from 1350°C piting attack nucleated at the austenite-ferrite boundaries in 0.16 M HCI
s D N0 pitting attack occurred in the 0.16 M NaCl solution. No attack of any kind occurred in the as-annealed duplex

IR stanless steel during A262E testing

17y
{

'g. the results of the A262C tests, A262E tests, and pitting potential tests on annealed and sensitized

s Type 308 stainless steel all agreed. The results of such tests conducted on annealed and sensitized duplex

- s nlecs steel resulted in pitting along the austenite-ferrite boundaries but little or no attack of such boundaries in
VY lest

*1 Yueas Corrosion Cracking Tests

HTosion crack tests in 0.01 N H,S0, at room temperature are being

L '¥Pe-308 stainless steel as a fur tion of heat treatment. The all-Teflon polarization cell in which the stress
: ; -~ o 4 ' ”
L = Tacu tests are be Ng conducted is schematically illustrated in F gure 53. The main features of the cell are the wire

o) 1 ’ -~ -~ rv ™ Aar . ’ - - 1
~alugq e hprovides a lo ince path between the spe ) dasa ited calomel

'
ﬂ"?t ~ Cecmen whi S under a tensile loac Ing testing, two platinum mesh screens which serve as counter
S ™
Mo

.
L e Do " 7 mno . b . y \ rOA R ’ ~h
"y eratio  tes  is accomplished by bubbling ultra-hig ty nitrogen through the
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SALT BRIDGETO

Ny - 4 —
L REFERENCE ELECTRODE
|/—— —l Lk
~ " ! L

L LUGGIN - HABER PROBE

WIRE ANODE —_

/“ PLATINUM COUNTER ELECTRODE

Figure 53. Schematic Drawing of Stress Corrosion Cracking Polarization Cell

atures and then heat treated at 600°C for 24 hours. Specimens co
27.3 cm) in length. Prior to testing, each specimen is electropoh
solution of 60% H,PO, + 40% H,SO, at 60°C and 1 amp/cm? for 5 minutes. The specimen test length is then masked of
Glyptal® paint. Each specimenis dead-weight loaded to an initial tensile strain of 10%. The results are presented in Figue!
Both annealed samples were tested at an applied potential of + 1200 mV fractured in a Juctile fashion. Failure was 6%
corrosion which reduced the cross-sectional area to the point at which the room temperature fracture strengthwase .
This is as expected since transpassivity initiates on the annealed samples in this solution at + 850 mV. Samples an!
1350°C and polarized in the passive region at +700 mV and +200 mV failed in a ductile manner. Microstre
observations on the surface of the failed wires indicate planar slip along a single slip system within the austenite
Evidence of slip in the ferrite could not be found by optical microscopy. '

well as on samples annealed at those temper
0.030-in. (0.075-cm) diameter wires, 10.75inches (

e specimen annealed at 1350°C for 1 hour and tesied atan &

potential of + 700 mV. The ferrite phase has been preferentially removed. It would appear that failure in specimens
at 1350°C for 1 hour was due to the preferential loss of ferrite which resulted in intensification of the applied stress Bd
samples annealed at 1100°C which produced a 100% austenitic matrix andthe samples annealed at 1350°C whichp
a duplex microstructure were highly susceptible to stress corrosion crackingin 0.01 NH,SO,, after a 600°C heat tre&
24 hours. Both heat treatments resulted in failure in less than 2 minutes. Figure 56 is an optical micrograph of the surde
sample annealed at 1100°C for 1 hour prior to a 600°C heat treatment for 24 hours. The test was stopped be'ort

occurred. In addition to the planar nature of the slip, several intergranular cracks can be seen. The fracture & v
samples tested to complete failure consisted of an inner core of ductile, cup-cone fracture and an outer regionofn
fracture. Apparently intergranular cracks initiate at the surface of the specimen as shown in Figure 56 and propagsi®
sample until the applied stress exceeds the fracture strength of the alloy and ductile fracture of the remaining ma!

Figure 55 depicts the surface appearance of th

614
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TIMETO FAILURE ~02h

l ]

160 200

TIME TO FAILURE (h)

e to Faiiure as a Function of Applied Potential in 0.01 N H,SO, of Type-308 Stainless Steel Dead-Weight

Iim
Loaded to an Initial Tensile Strain of 10%

viicrograph of Type-308 Stainless Steel Heat

)°C for 1 Hour, Water Quenched, and Tested to

I NMH SO at
Vv L

« in Applied Potentia f 700 mV 400X




oh of a failed sample heat treated at 1350°C for 1 hour plus 600°C for 8

rich was potentios pol; o +700mV. Again the fracture surface consists of an inner region of ducty,

up-core fracture ana an ( e of intergranular fracture. Figure 58 is a higher magn fication view of the outer regong

granular fracture
6.3.5 Discussion
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exhibited no grain boundary attack during A262E testing and material given a prior anneal of 1050°C exhibited very
grain boundary etching Similarly, samples which had been first annealed at 1000°C prior to heattreating at 600°C gy
much lower corrosion rate in A262C tests. When anodically polarized in 0.16 M NaCi and 0.16 M HC!, the en ‘
annealed at 1000°C for 1 hour plus 600°C for 24 hours exhibited minor pitting attack and the pits could not be assoc _
any particular microstructural feature. The samples which had been annealed at 1 100°C for 1 hour plus 600°C for 24
exhibited localized grain boundary pitting corrosion in 0.16 MNaCland 0.16 MHCI. The pits initiated at and propagated
grain boundaries as well as into the grain interiors. Inthe 0 16 M HCI solution, the pitting potential of austenitic Tn
stainless steel was drastically lowered by se nsitization so that the magnitude of the pitting potential as well as the appe
of the specimen following testing could be used as an indicator of sensitization.

Poor agreement existed between the results of A262E tests and pitting potential tests for duplex Type-308
steel. Although samples heat treated al 1350°C for 1 hour plus 600°C for 24 hours showed preferential elching
austenite-ferrite boundaries following 3 days of A262E immersion, such samples exhibited no cracking at any boy
when bent to an angle of ~ 180 degrees Ccnsequently, such material would be said to have passed the conventional A2gs
test. However, pitting did occur during anodic polarization in 0.16 M NaCl and 0.16 M HCI and such pits "W“.'
austenite-territe boundaries. Also, the as-annealed duplex Type-308 stainiess steel samples (1350°C for 1 hour and ey
quenched) pitted at a potential of 750 mV and the pits initiated at austenite-ferrite boundaries. However, when this ma
was lested in the A262E test no selective attack occurred along the austenite-ferrite boundaries; in fact, no attack of any kng e
was observed. Also the material did not pit dunng anodic polarization in 0.16 M NaCl i

Since samples of as-annealed duplex Type-308 stainless steel (heat treated at 1350°C for 1 hour) and samu.'
sensitized duplex Type-308 stainless steel (heat treated at 1350°C for 1 hour plus 600°C for 24 hours) suffered ime-delayy
failure and underwent preferential corrosion and/or cracking along austenite-ferrite boundaries during potentiostatic
corrosion cracking testing in 001 N H,S0,, and since pits initiated preferentially along austenite-ferrite boundaries d
anodic polarization in 0.16 M HCI while such samples passed the A262E test, the pitting potential testin 0.16 M HCI may beg™™
more accurate indicator of the intergranuiar stress corrosion cracking susceptibility in 0.01 N H,S0O, of a duplex s! .
steel than A262E. The pitting potential test in 0.16 M HCI and the A262E test indicate the intergranular stress corrosige
cracking susceptibility of auster .c stainless steels equally well. Whether the pitting potential test indicates the stres
corrosion cracking susceptibility of austenitic and duplex stainless steels in the constant extension rate test remains o
determined. It should be emphasized thatthe results of the constant potential stress corrosion crackingtests in0.01N
do not necessarily indicate the stress corrosion cracking susceptibility of a material in the boiling water reactor enviro
Recall that the stress corrosion cracking tests in 0.01 N H,SO, are primarily being conducted to study the mechansm
stress corrosion cracking by observing the potential dependency of cracking The relationship, if any, between the srel's
corrosion cracking behavior in 0.01 N H,S0, and in the consiant extension rate test will be determined ;

i

Assuming that intergranular stress corrosion cracking s related to intergranular corrosion caused by chva :
depletion at grain boundaries, the fact that intergranular stress corrosion cracking occurred in the sensitized austentic w
duplex stainless steels polarized to as high a potential as + 700mV would indicate that the combined effect of chromu:
depletion and low solution pH was 100 severe to permit passivation of the chromium-depleted grain boundary reg-orld
prevent stress corrosion cracking Whether this is the case will be determined by conducting the constant potential stel
corrosion cracking tests in a near-neutral pH solution such as 0.01 N Na,SO,

6.3.6 Conclusions

1 The pitting test conducted in 0.16 M HCl is an accurate indicator of the sensitivity of austenitic and duphi
stainless steels to stress corrosion cracking in 0.01 N H,S0, caused by chromium depletion due 1o &
ctthe stress cormosd®

precipitation along high angie boundaries. Whether the pitting testcan s iccessfully pred
cracking susceptibility of austenitic and duplex stainless steels inthe s mulated boiling water reactor envid®

ment constant extension rate test remains to be determined

2 The results of the A262C tests, A262E tests, and pitting potent al tests in 0.16 M NaC! and 0.16 M Ho o
P lent ,,jrcg'ﬁe"..‘

as-annealed and annealed-plus-sensitized austeniic Type-308 stainless steeishow € xcel
ity of the material in 001 N H,SO, al roo®

accurately predict the stress corrosion cracking susceptid

temperature
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Table 16
COMPOSITIONS (wt %) OF 7 LIBRARY HEATS OF TYPE-308 STAINLESS STEEL*

Ferrite
S Number

0 020 0018 0 20
0.027 0015 2 7 52 62
0019 o017 ¢ 66
0 015 0.019 0.5 ¢ 70
0016 0 008 ‘ 9 83
0010 0.018 0.7¢ 0.72

0019 0019 00 1.3

wneral Electrne Company. Sar

SUBTASK 3 — DETERMINE THE EFFECT OF THE COMPOSITION OF THE AUSTENITE AND FERRITE PHASES
ON THE STRESS CORROSION CRACKING RESISTANCE OF DUPLEX STAINLESS STEEL

ed in Tables 14 and 15 will be

SUBTASKA4 -~ DETERMINE THE EFFECT OF FERRITE MORPHOLOGY ON THE STRF SS CORROSION CRACK-
ING SUSCEPTIBILITY OF DUPLEX STAINLESS STEELS

DETERMINE THE EFFECT OF SECOND PHASE PARTICLES ON THE STRESS CORROSION
CRACKING SUSCEPTIBILITY OF DUPLEX STAINLESS STEELS
Materials and Processing
ed ".C\,!"V‘J\ 1 The r¢ 1der ofoerre hen 632fora
ilenals. In adadition, 3/32-in. (0.24-cn Jlameter rod of Type-308 stainless
eat 50099 (see Tat 12) was ad dgrawn 1o 0.030-in. (0.075-cm) diameter rod NG intermediate anneals at
#2°C for 1 hour ¢ wed by a water quench. At the final diameter of 0.030 inch {0.075 crn) the alloy contained 38 9% RA

" vk It was then sectioned into 1-1 2-in. (3 8-cm) lengths and heat treated at various temperatures and times as

ntal Procedure
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Table 17
NOMIKAL COMPOSITIONS (wt %) OF STAINLESS STEELS DOPED
WITH SULFUR, PHOSPHOROUS, AND CARBON

Heat No. S P C Ni Cr Comments
FF 186 5 .
FF 189 10 5 .
FF 187 10 .
FF 195 10 10 »
FF 188 13 .
0.03 13
| 008 13
i 008 13 a
.. 0.03 008 008 13 3
3 13 . )
i. 003 3 13 §
; 008 3 13
008 3 13
0.03 008 0.08 3 13 .
003 10 13 ’ %
008 10 13 €
008 10 13
0.03 0.08 008 10 13 &
6 25 . i
003 6 25 $
‘ 0.08 6 25 :
008 6 25 :

S

* Sutur, phosphorous and carbon contents will be &3 low as possible

. e L

e

6.7.3 Results
. The results of A262C., A262E, and pitting corrosion tests conducted on annealed and sensitized austenitic and duples &
Type-308 stainiess steel have already been presented above in Subtask 1. These results are summarized in Table 13 and £
Figures 41,45 and 49. The relevance of these results in terms of predicting the stress corrosion cracking behavior of duples
stainless steel has already been discussed in Subtask 1. An additional reason for conducting the pitting potential lestwas®

' determine if microstructural changes which occurred during heat reatment of duplex stainiess steels could be followad and

9 their presence indic ated with measurements of the pitting potential. In subsection 6.7.4,these res ults are discussed in termd

of the mechanisms responsible for the localized corrosion and stress corrosion cracking

X The A262E and A262C tests are being conducted on heat treated specimens of 0 030-in -diameter duplex Typf”
stainless steel wire which, as mentioned in subsaction 6.7.1, was produced by several repetitions of 40% coid reductions ®
area by wire drawing pius 1 hour anneals at 1350°C and water quenching. Heal reatments consisted of 600, 700. 800, a8
900°C anneals for times of 1, 10. and 100 hours on specimens in the as-drawn condition (containing 38 9% reduction n ool
cold work). Additionally, samples were also heat treated at 475°C for imes of 10, 100, and 1000 hours The results of

= and A262E tests are not yet completed and will be disclosed in the next reporting penod.
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Photomicrograph of Type-308 Stainle 3{ Heat Treated at
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orrosion in as-annealed duplex Type-308 stainless steel (1350°C for 1 hour, water quenched) nucleates b
austenite-ferrite interfaces and might possibly be explained by chromium depletion adjacent to Cr,,C, precipitates f A
the ferrite at the austenite-ferrite interface on rapid cooling from 1350°C. The presence of a chromium-depleted in
would also explain the preferential loss of ferrite in as-annealed duplex Type-308 stainless steel during potentiostatic straes - ¢
corrosion crack testing in 0.01 N H,SO, as illustrated in Figure 55. Similarly, pitting in Chlorideion media of sensitized dyges &
Type-308 stainless steel (heat treated at 1350°C for 1 hour plus 600°C for 24 hours) initiates atthe austenite-ferrite in,
stress corrosion cracking in 0.01 NH,;SO, of sensitized duplex stainless steel is characterized by cracking of the .u.
ferrite interface. Both phenomena probably result, from the preferential precipitation of Cr,,C, along the austenite-fgra’
phase boundary such as reported in the duplex stainless steel IN744. It would appear, therefore, that sensitization resypy ja'
the duplex microstructure in two distinct manners. First, on rapid cooling from 1350°C, Cr;,C, forms in the ferrite .~
austenite-ferrite interface because of the extremely low solubility of carbon in ferrite below - 800°C and because of the -y
rapid diffusivity of carbon and chromium in the ferrite phase. Upon heat treating the as-annealed and quenched dyg “-
structure at 600°C for 24 hours, the high diffusivity of chromium in the ferrite quickly deletes the chromium-depleted zonga " |
around the Cr,,C, particles created on water quenching from 1350°C. However, during this heat treatment Cr,,C, ng H
precipitates in the austenite phase in which the carbon has a higher solubility and the chromium has a lower diffusivie” |
Chromium-depleted zones are NOw created around Cr,,C, precipitates formed in the austenite phase at the austenite-feem
boundary. i,
Although the hypothesized chromium-depleted zones formed in the as-annealed duplex Type-308 stainless st..l;?
in the annealed-plus-sensitized duplex Type-308 stainless steel are sufficient to cause pitting in HCI solutions and :
corrosion cracking in 0.01 N H,SO, itis interesting that both materials pass the A262E test. This might be explained by "
formation of noncontinuous chromium-depleted zones along the boundaries which are sufficient to cause localized pitti p
insufficient in extent to cause extensive intergranular penetration by intergranular corrosion alone. With the application

stress, intergranular penetration is achieved by intergranular corrosion and/or cracking along chromium-depleted
adjacent tc boundaries and the stress can rupture the chromium-rich sections of the boundaries separating the

depleted portions.

Pitting ¢

ed duplex Type-308 stainless steel annealed upto 100huui
uctural change, in addition to recrystallization, observed dumg
ferite. After 100 hours at 900°C the ferrite had decreasedio

The results presented in Figure 59 indicate cold work
900°C to be immune to pitting in 0.1 M HCI. The only microstr
annealing at 900°C was a steady decrease in volume fraction
vol%. Likewise, the only optically observed microstructural change occurring during heat treating of cold worked ol
Type-308 stainless steel, other than recrystallization, was a decrease in the volume fraction of ferrite. However, pith { .!
occur after a 100-hour anneal at800°C. The pitting could be the result of chromium depletion caused by Cr;,Cq precipt by
the austenite. This, however, is yetto be determined. Pitting \nitiated at the austenite-ferrite boundaries of cold workedd :
Type-308 stainless steel following anne aling at 700°C for as shorta time as 1 hour and at 600°C after a 10-hour anneal . B
can be attributed to the formation of chromium-depleted zones adjacent to Cr,,C, precipitates at the auste i )
boundary. Following 100- and 1000-hour heat treatments at 475°C, pits no longer initiated at the austenite-feirite int
cold worked duplex Type-308 stainless steel but instead initiated within the ferrite phase. Such pits probably
chromium-depleted zones adjacent to o' particles. The detection of these a’ particles by the pitting potential test is o
interest since the formation of a’ is certain to embrittie the alloy atthe least and other workers have been unable to O&eC
presence of a’ by the A262E test. This would further point to the efficacy of using the pitting potential test for assM-

applicability of duplex stainless steels for use as boiling water reactor structural material.

6.7.5 Conclusions

°C for 1 hour and water quenching produced asoluton ¥
austeniti . material. When subsequently heat treated at 600°C for 24 hours and water quenched, the
annealed for 1 hour at 1100°C contained grain boundary precipitates presumedto be M,,C,. The alioy
A262C and A262F tests, exhibited a very low pitting potential in 0.1 M HCI, and was highly su
intergranular stress corrosion cracking in 0 01 N H;SO..

1 Heat treating Type-308 stainless steel at 1 100
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containing intragr le arbide precipitate
enal remained free of ir wilar preci tates and the

ntial in 0.1 M HCI

ck of sensitization in the austenitic Type-308 stainless ! iled at 1000°C s due to
e precipitates which lower the carbon content of the matr 1€ tlow-temperature
ipitaton

w the various changes in microstrix vatures produced by the heat

308 stainless steel

No pitt 1 MHCIin duplex Type-308 stainless steel annealed at 800 and 900°C for times
4

of 1 K 0C W ( ponding no microstructural changes occurred in the alloy other than a

decrease

Pitting occurred at the prin auster terrte phase boundaries ar ng the austente-ferrite phase

s created t y t D r imar (‘»fjn“.» awustenite within the forrte p,‘,,“_,.-‘“!,' this

juplex Type-308 stainless steel annealed at 475°C for 100
e formation of the chromium-rich (up to —90% Cr)

n of the ferrite phase

4 SUBTASK 6 — DETERMINE THE EFFECT OF COLD WORK ON THE STRESS CORROSION CRACK SUSCEPTI-
BILITY OF DUPLEX STAINLESS STEEL

es 14 and 15 will be employed in studying the effect of cold work on the

teaels The thermomechancal processing ol these 1‘54.‘1‘, has

075-cm) wire of Type-308 stainless steel from Heat

area) state. A portion of this wire will be recrystalized and then the

&3 ntergra on cracking behavior of each will be studied as a function of subsequent
- reaiment







APPENDIX A

MATERIAL CERTIFICATION FOR PIPING
MATERIALS USED IN PIPE TESTS
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