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, y:.:' ' ~ ' ? i jur. site weldedpipe andlaboratoryspecimen screeningtests have beenperformed:
'n evaluate the intergranular stress corrosion cracking susceptibility of reference
Type-304 stainless stecland candidate near-term remedies. The tests ate designed to

'*

~

.U goncfy the candidate remedies to be includedin the sta:isticalpipe testprogram. The
: - basa for the statisticalpipe testprogram and the planned test matrix for the pipe tests

~ '

; are presented. Recent elastic-plastic modeling activity on elastic weld constraint is !
y reported. In order to better understand the nature of the BWR environment. elec- ;

~ trochemical potential measurements have been performed in an operating BWR- -

dunng startup and full-power operating conditions. The results of these tests and
Isboratory welded specimen electrochemicaltests are presented in this report. Fun- ,

damentatstudies designed to understand the role of ferrite on the intergranular stress
conosion cracking resistance of austenitic-based microduplex stainless steels have.

begun and preliminary results are presented.
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[ QMb 1. SUMMARY
= wmn
[ d { hhp a

;4 v

h'9 fv4; w 'F M/MN ng period, significant technical results have been obtained for each of ti,e program tasks and are
'-

-

'HM -

',

h SW docurnent. The results include the following.w

,

[ full-size-pipe and small-specimen screening tests of candidate pipe remedies

&& -
g [ ha! basis for the definitive pipe tests of the pipe remediesnep , , m ..,.m.

; go, Ihtic weld constraint computer modeling

M' p ]h3 %
ad ~

'p electrochemical potential measurements of Type-304 stainless steel-

y y

y , [ ' Laboratory electrochemical potential measurements and polarization measurements of Type-304 stainless
~

. tees

f gg;
g studies of the factors which contribute to the intergranular stress corrosion cracking resistance of microduplex

i starniess steeis.

The tomounng summary highlights the work performed.

. t t TASK 1 - SCREENING MEASUREMENTS

Stress corrosion tests of full-size welded pipe sections of 10.16-cm-diameter schedule 80 and small tensile speci-
m ,wwe been performed on Type-304 stainless steel and candidate remedies to evaluate their resistance to intergranular
m corrosion cracking in boiling water reactor environments. The remedies which have been considered to reduce ar

I

M riorgranutar stress corrosion cracking susceptibility are the following.
|

A Solution heat treatment of welded pipes

.
Application of corrosion resistant cladding to pipe inner surface prior to weldingB

C Application of heat sink welding techniques during pipe welding

D. Appfacation of pressure retaining cast transition to Type-304 stainless steel piping system

E Application of potential alternate piping materials, Types-316 and -316L stainless steel

A series of five full-size pipe tests have been performed to screen the remedies presently under consideration. These

m have included three cyclic axialloaded pipe tests in the Large Environmental Fatigue Test Facility and two 4-point-''

Wng ppe tests in the CL-4 test facility. Acceierated test conditions were used to reduce the required testing time to failure.' '

N* accelerants included high stress cyclic loading, high oxygen water environments, heavy grinding on the inner surface
wd he at a'f ected zones, and in some welds, high weld heat input. The accelerants varied from test to test and from condition

to conotion They are described individually for each test. These pipe saeening tests have provided the following results.;

1
Type-304 stainless steel piping welds failed in laboratory 4-in. schedule 80 pipe tests routinely at stressesi.

above the 269'C yield strength. Both high- and low-heat-input welds, ground and unground inner surfaces are

susceptible to intergranular stress corrosion cracking in the weld heat affected zone. Post-weld grinding is a
severe accelerant to intergranular stress corrosion cracking in this material

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

1-1
I
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immunity even when post-weld grinding is applied to the pipe inside surface. The use of corrosion resist 1A
cladding both as inlay and overlay in laboratory pipe tests appears to greatly improve the intergranular str

j corrosion cracking resistance of welded Type-304 stainless steel. Heat sink welding appears to be a promis-
product improvement if applied in the absence of post-weld grinding. Post-weld grinding appears to seri cod

i

diminish the effectiveness of heat sink welding by eliminating the favorable residual stress state introduced Dof,

heat sink welding. The cast piping remedy has provided mixed results. Interdendritic stress corrosion cac - ene

was observed in a cast pipe weld heat affected zone where <5% ferrite existed while another heat of cast rd
was resistant to intergranular stress corrosion cracking in pipe tests. Further testing is planned.

3. The afternate piping materials Types-316 and -316L stainless steel 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 f ull-size-pipe screening testt!
These tests indicate that heat sink welding does reduce the inner surface sensitization in the weld heat affected zone, t )
reducing susceptibility to intergranular stress corrosion cracking. A cast pipe welded specimen containing 13 to 15% ferrte|

.-

exhibited intergranular stress corrosion cracking susceptibility in a constant extension rate test. Further evaluation isir. ;progress to understand the cause of the failure.

~

1.2 TASK 2 - STATISTICAL PlPE TESTSW
h A statistical formulation which provides the basis for the statistical pipe test program is presented. This statistical
PA
M analysis ditfers from the earlier statistical approach in that the number of assumptinns regarding the shape of the reference

and a!!ernate distribution curves are reduced by using time to first failure rather than mean time to failure as the fundamental1
parameter for comparison of factor improvement of the remedy to the reference material. This formulation is developedin

? detailin this report.

i
1'

The elastic-plastic finite element analysis study designed to evaluate the effect of elastic constraint on the deformation
~f 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 modelindicates that elastic constraint can occur in the presence of

this stress contribution. Additional modeling and testing are planned to further elucidate the weld constraint theory.p
i 1.3 TASK 3 - ELECTROCHEMICAL MEASUREMENTS

Electrochemical potentials have been measured both in-reactor (Vermont Yankee) and in the laboratory in order to
establish the range of potentials present in both actual and simulated boiling water reactor environments for both as-welded

g. Type-304 stainless steel piping material and the candidate remedies materials. The in-reactor measurements were
t performed during reactor startup and continued to full-power operation. Concurrently, water chemistry measurements were
7 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-I

5. '
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 a nodic polarization tests have begun in 288'C high purity water with 0.01 normal sodium sulf ate
addition (for electrical conductivity) to determine the polarization behavior for reference Type-304 stainless steel and the

remedy materials. At present, the anodic polarization measurements have been performed for mill annealed Type-304
stainless steelin both fcrward and reverse potential scans. Based on the in-reactor and ex-reactor potential and potentiokine-

tic studies, the corrosion potential of Type-304 stainless steel in an operating reactor [-130 mV (standard hydrogen
electrode)] lies within a passive potential region of -500 to +600 mV (standard hydrogen electrode).

$

12
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vosion, gag 4 - FERRITE EFFECT STUDY
grang

~

irweated at General Electric Corporate Research and Development Center to determine the factors whichbea
w gn . *

Ance to intergranular stress corrosion cracking of austenitic-based microduplex stainless steels in the
inir

,p environment. The work in this task to date has been predominantly associated with purchasing or
Elon y dich willbe used in the test program and evaluating screening tests designed to identify features that maygtof wgranular stress corrosion crackirio resistance of Type-308 stainless steel alloys.
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2. PROGRAM OBJECTIVE ! fq:@sI' U ''

4 3 fr . - 1

RP7011. Covering an agreement between the Electric Power Research Institute and the General ]
3i J M 8""" ~ bes a 2-year program to verify the rehabihty of one or more near-term remedies to tne boihng water ,,

_ Oud8EB,M oblem. The aim of the program is to provide a sound statistical basis with whichIo demonstrate that q
sm8I ended remedies will provide immunity to intergranular stress corrosion uacking of welded piping ;

M rescer environrnents.

. . y M k TION OF NEAR-TERM BWR PIPE REMEDIES
R S ,u

==

_~{[ ' 4 ' amis investgating the intergra iutar stress corrosion cracking performance of reference Type-304 stainless J
.U canedate near term piping reedies in both pipe test and specimen test in simulated boiling water reactor ?

- The current ist of candidate pipe remedies with a description of the procedure for application in welded piping

_

ger consideration follows.

. .gg am Heat Treatment of Pipe Butt Welds -

'

h;nine been demonstrated by the General Electric Company and by other organizations that wcid sensitization of some
"Ggg y,pe-304 stainless steel piping combined with high stress (or plastic strain) produces conditions for intergranular
p gyrgeon paciung in the boihng water reactor environment. Further, mill anneated and solution annealed Type-304

eseef peng is beheved to be immune to intergranular stress corrosion cracking in the boihng water reactor
. The basrs for this immunity is the absence of carbides and hence no chromium depletion at the grain

- g ,,inertos A pnme pipe 4emedy candidate for welded Type-304 stainless steel piping systems is therefore to solution heat
_

,

,,,,,gn,, ppe ,,4ds Solution heat treatment of the pipe w elds in addition to eliminating weld sensitization will also relieve the
i | eisse assesel seresses. Wherever possible solution heat treatment of pipe welds will be performed in the pipe fabricator's -

; ^ 6esNrdng to procedures approved by the Generat Electric Company. ]g ; x 3= = ,

The procedure for applying solution heat treatment is presented in Figure 1. Here, the pipe is butt welded as in the

_

times she4erence Type-304 stainless steel. No unusual welding controls are employed during welding. Following the butt
e,wifeg operaton,the entire pipe segment is solution annealed at 1900 to 2000*F (1038 to 1093*C) for 15 minutes per inch of -

Meeees but not |ess than 15 minutes nor more than i hour regardless of thickness, followed by quenching in circulating
eener to a termerature below 400*F (204*C). The metal temperature for the slowest coohng surface spends 2 minutes :

- swesaie en me temperature range of 1800 to 800*F (982 to 427'C).
d-

812 VMon of Corrosion Resistant Cladding to Pipe Inside Surface Prior to Field Butt Weld
-

The intergranular stress corrosion cracking observed in the bypass, and core spray hnes of operating boihng water
*metter plands has been exclusively associated with weld sensitized or furnace sensitized components. The carbide
Feirgelaton observed in the heat affected zone inside surface is also present in the weld metal. However, the nature of the
e.gaes (ausserec-lorritic) structure of the weld metal provides immunity to intergranular stress corrosion cracking in the
times'y weser recctor a!! hough carbide precipitation is present. In fact,intergranular stress corrosion cracks propagating from
to esad heat affected zone are blunted when they reach the we'd metal. A minimum amount of ferrite must be present in the j
adi3 tMmtoo ammunity to intergranular stress corrosion cracking in boiling water reactor water. Based on General Electric
temas en oces strtctures, the minimum ferrite level recommended for the corrosion resistant cladding is 8% after final ?
P'**eensr4 hrebong f.eid welding.

.. Th*'e are two vanations of the pioposed use of conosion resistant cladding as shown in Figure 2. "

1
Mere a solution heat treatment can be performed in the shop prior to the final field weld, the cladding will

_

cons s! of Type-308L stainless steel with high initial ferrite (to allow for reduction in ferrite during subsequent '
s

S&t,on heat treatment as shown in region A of Figure 2). The solution heat treatment will then be performed to -

) 04mrtate potentially unfavorable residual stresses introduced during the cladding operation and to ehminate 5
( N modest sensit22ation expected in the region of the inside surface of the Type-304 stainless steel im- ]

,

-

7
, 2-1'

f
LN, -
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mediately adjacent to the cladding. Following the solution heat treatment, region B will be deposited using
Type 308L stainless steel and the field butt weld willbe 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
' .F2'

]- ' , , operating reactor), the cladding material would then be Type-308 L or -309 stainless steel with 0.035% carbon*'

maximum and 8% ferrite minimum. In this case, both regions A and B in Figure 2 would be clad ider:tically.

j g Application of inside Surface Heat Sink Welding Control Du.ing Welding

F. eld and laboratory intergranular stress corrosion cracking data reveal that high residual welding stresses coupled
y applied stresses plus weld svnsitization provide conditions for intergranular stress corrosion cracking of Type-304)' s steelin the boiling water reactor environment. If a pipe can be welded without producing a sensitized structure and7

q resadual tensile stresses in the weld heat affected zone the resultant component should be resistant to intergranular1

conosion cracking in the boiling water reactor environment. The inside surface heat sink welding program is directed
g y development and quahfication of procedures that greatly reduce the sensitization produced on the inside surface of

; . p pipe and reduce or change the state of surface residual welding stresses from tension to compression. This approach
.

.J be used in shop or field applications where either the solution heat treatment or use of a corrosion resistant cladding are
ed possble.

Laboratory Type-304 stainless steel butt welds have been produced by General Electric licensees evaluating the
e,oe surface heat sink weldmg techniques. It has been found that inside surface tensile surface residual stress is rL'uced
p,t@ly or changed from tension to compression as a result of this approach.

The inside surface heat sink welding program can be performed using still water, flowing or turbulent water, or waterI

, prey coceng of the inside surface by means of a sparger arrangement. In allcases the water cooling is applied following the
,w.ar roc 4 weld layer deposit. The weld is fabricated with normal field welding practice but with the addition of the insido
astxe water cooling following the root pass. *

f 2.1.4
Application of Pressure Retalning Cast Transition to Type-304 Stainless Steel Paping Systems

Fseid and laboratory experience on intergranular stress corrosion cracking of austenLic stainless steels in the boiling
esser reactor environment reveal that the duplex (austenitic-ferritic) structure is highty resistant to intergranular stress
corronen craciong in the weld sensitized or furnace sensitized condition if a minimum amount of ferrite is present. Using this
aggwoach, cast transition pieces will be shop-welded to Type-304, stainless steel. The shop-welded pieces will be solution
Post treated to remove the weld sensitization and relieve the weld residual stresses. The field welding would then consist f

t

-

tw = eld of two cast pipes. This weldtng technique is presented in Figure 3. As in the corrosion resistant cladding remedy
oa

tee <n. a minimum amount of ferrite must be present to provide resistance tointergranular stress corrosion cracking Th
eNo anneal following Type-304-duplex pipe weld may reduce the ferrite in the duplex pipe. Proper specifications will bei . e

/ as%yed to assure an 8% minimum ferrite level after the fmal field welds.

22 TASK ODJECTIVES
.

T he wor k under this contract is divided into four major tasks. These tasks and a brief description of the task objectivesare as tonows

311 Task 1 - Screening Measurements

-

Theobrectiveof thistaskistoperformfull-size-pipeandlaboratoryspecimenscreeningtestsof severalpropos d iN

'C''*n ng tests will be performed in high purity,550*F (288'C) oxygenated water at high stress using severe fabricationWdes to identify the most promising canddates for statistical verification in the pipe testing phase of the program.
e p pe

-

;

WMs. and mech tnicalloading conditions to demonstrate a clear performanceimprovement of th} ,

J *We Type-304 stainless steel piping specimens. e remedyas compared to

$

4
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Figure 3. Apphcation of Cast Transition Piece Candidate Remedy to Type-304 Stainless SteelPipe Welds

2.2.2 Task 2 - Statistical Pipe Tests

The objective of this task is to verify the reliability of one or more of the candidate pipe remedies through full-size pi
testing of sufficient scope so as to provide a statistical demonstration of significant margin improvement of the remedy.T' *
testing is to be performed in 550*F (288*C) high purity oxygenated water at sufficient stress so as to cause the refererk- #
Type-304 stainless steel welds to fail. Chemical, electrochemical, and metallurgical accelerants may be used wtt "*

considered appropriate to simulate worst case condtions and to increase the speed of data gathering.

2.2.3 Task 3 - Electrochemical Measurements g

The objective of this task is to determine the corrosion pot ential of Type-304 stainless steel and remedy materials a
system oxidation potentials in boiling water reactor environments, determine the range of potentials for stress corrost g
cracking susceptibility, and immunity in simulated boiling water reactor environment and couple the laboratory and in-reaci g
measurements to assure the validity of the statistical pipe verification test program (Task 2). In-reactor test data on Type-3C m
stainless steel during startup, operation, and shutdown conditions will be used to set the minimum laboratory systs
potentials for Type-304 stainless steel and the remedy materials. In addition, a rugged reference electrode will be develop.
for boiling water reactor application which can operate for extended periods of time over the range of temperatures that ei gg,
in the boiling water reactor environment.

q
lab2.2.4 Task 4 - Ferrite Studies

The objective of this task is to perform fundamental metallurgical studies to evaluate the role of ferrite on IL- h
resistance of duplex stainless steels to intergranular stress corrosion cracking in the boiling water reactor environment.Tti 4
aim of this task is to identify the metallurgicalconditions responsible for the increased resistance of duplex stainless steetsk
intergranular stress corrosion cracking in high purity oxygenated water.

2-4
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3. TASK 1 - SCREENING MEASUREMENTS - RESULTS AND DISCUSSION

LABORATORY FULL-SIZE-PIPE TESTS ,,
'

,,,3 ige _ pipe testing of 10.16-cm (4 in.) diameter schedule 80 butt welded pipe sections has been performed in thep
Emnronmental Fatigue Test Facility and in the CL-4 test loop to evaluate the intergranular stress corrosion cracking

of reforonce Type-304 stainless steel and screen the various candidate remedy materials. Three full-size-pipe tests
k completed in the Large Environmental Fatigue Test Facility (the second, third, and fourth Large Environmental

Ms3 #
Test Facility tests) under axial loading conditions in 8 ppm oxygenated 288"C (550*F) high purity water and at

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

CL-4 test f acility (the second and third CL-4 tests) eva!uating the reference and candidate remedy materials in four-point
.

As in the case of the Large Environmental Fatigue Test Facility tests, the CL-4 pipe tests are being performed in

, g gem orygenated water at 288'C (550"F) and at a maximum stress greater than the Type-304 stainless steet yield strength
g semperature.

The pipe remedies under consideration to reduce or eliminate parameters that promote intergranular stress corrosion

g;ng are the following.

a Solution heat treatment of pipe butt welds.

b Application of corrosion resistant cladding to pipe inside surface prior to field butt welding.

Os c Application of heat sink welding techniques during pipe butt welding.

d Application of pressure retaining cast transition to Type-304 stainless stee! piping systems.
.

e Application of potential alternate piping materials, Types-316 and -316L stainless steel.

Each of these remedies has been evaluated in the pipe tests performed in large Environmental Fatigue Test Facility
ad an CL-4. Variations of corrosion resistant cladding have also been evaluated in the pipe tests. These variations include

y( ewy. overlay, solution heat treatment following application of the corrosion resistant cladding, and application of theg
g_ corvos.on resistant cladding without solution heat treatment. The results of the pipe tests are presented individually and then
)g enernartzed for each remedy.

31.1 Full Size-Pipe Tests in Large Environmental Fatigue Test Facility

31.1.1 Introduction

21s -y One of the findings of the General Electric Pipe Task Force * was that intergranular stress corrosion cracking near
och an stainless steel piping systems seemed to ccrrelate with the number of startup and shutdown cycles of the plant. This

g % created considerable interest in evaluatir'g the relative effect of cyclic load versus static load on the intergranular
**eu corrosion cracking behavior of Type-304 stainless steet.

%.
), . As part of the Task Force study, an experimental pipe testing program was initiated. During the testing period in 1975,

'W stie (4- and 6-in. schedute 80) static and quasi-static pipe tests and one cyclic pipe test were conducted. The primary
at,.ct e of these tests was to attempt to duplicate the recent intergranular stress corrosion' cracking field cracks in the
Wa ory. The results of those tests were reported in the final Task Force report.'

'

?*** Force was set up by General Decnic to investigate the causes of nergranular stess corrosion craciung near welds in stamiess steel p ping

k
e

3-1
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The first cyclic pipe test was unsuccess.ut in generating ir.tergranular stress corrosion cracking data. The crach
,

that occurred was transgranular and due to pure fatigue. Analysis of the data revealed that the applied loading, i.e.,q {
applied stress level in combination with the relatively high test frequency (1 Hz), caused the mechanical fatigue crackingj
completely dominate the corrosion behavior. Therefore, as a result of this finding, together with the successful results h'

the quasi-static test in which the field crack had been duplicated, it was decided to test a second cyclic specimen g
,
' '

substantially reduced test frequency. The applied stress level was also changed to duplicate the stress level used in the tgi tests of full-size-pipe sections in the CL-4 loop.
,

|

3.1.1.2 Test Objective
r

J

The cyclic tensile tests in the Large Environmental Fatigue Test Facility were designed to use axial cyclic loading
full size 4-in. (10.16-cm) schedule 80 welded pipe specimens of reference Type-304 stainless steel and potential rerne
methods to evaluate the relative intergranular stress corrosion cracking performance of the respective welds in full-a

pipes. Accelerated test cond.tions were employed to reduce the required testing time. The accelerants used included hq
stress, cyclic loading. high oxygen water environment, heavy grinding on the inside surface of the weld heat affected zon
and in welds made with high weld heat input. The accelerants varied from test to test and from condition to condidition. Th

4( are individually descnbed in the test description of each of the cyclic pipe tests.
45

f 3.1.1.3 General Test Description and Procedures for the Large Environmental Fatigue
3 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-cr.
schedule 80 pipe together to form a 32-in. (81.26-cm) long test section. Machined end caps were butt welded to each end.
the test section to provide the closure necessary for pressurization. Both end caps were provided with tbreaded parts to aIle
the pressurized water environment to flow through the test sections. Loading adapters were welded to both end caps:

e provide a means to connect the specimens to the test machine.
k
N; The general test specimen configuration is presented in Figure 4. The test section includes eight butt welds (welds:
,J through 1). Each butt weld has two separate heat affected zones for a total of 18 possible crack initiation sites. However, wek' g

A1, A2,11, and 12 were fabricated from 4-in. (10.16-cm) schedule 160 pipe for the second Large Environmental Fatigue Tes g"
Facility test to avoid unwanted cracking in the end cap welds. Thus,14 weld heat affected zones were tested at the higt t;;

-

stress levelin the second Large Environmental Fatigue Facility test. An additional transition piece was prepared for the thirt E
and fourth Large Environmental Fatigue Test Facility test so that 18 heat affected zones were tested at the high stress levelm $j these Large Environmental Fatigue Test Facility tests.

$-

.

$-

B. Test Conditions .a
t
<

1. Loading

The cyclic axial load was applied to the ends of the specimen using the Large Environmental Fatigue Test FacLty
#

500,000 round (226,800 kg) universal test machine. The deflection feedback control mode was selected for the universal
test machine based on safety considerations. As cracking oa:urs, in this mode, the specimen stiffness decreases and
therefore the resulting load decreases.

Dunng the first few cycles of testing, the applied deflection range was adjusted to maintain the desired stress rangt'

These adjustments were made u ntil a stable load-deflection relationship was established. This shakedown process to stable
-

behavior is shown in Figure S.

The axial stress was calculated based on the load divided by the cross sectional area at the typical weld preparatioP
region (4.14 in.'). The area at allof the weld preparations, except corrosion resistant cladding overlay welds, are the same as
given above. The average area at corrosion resistant cladding weld preparations is 5.58 square inches and the resultirg
stress for these welds is 100% of the engineering yield stress.

3-2

b__. -_ -



__ _ - . -_ _ - _ _ - - - - - .-. - - - . . - --_

v
.,
s _. ; -

.. w. .

,- *; ' t.!|.^

in., [! p3 j ; -. NEDC-21463-1p:, s
. :. -t G y 1 - ,. -

A c , .: > 2 3m

,_.. . - ( I . +3, - . ,
.

3 :4 5 {tf..n.4_ - ,._,

9+ + -
, -a

.,

.
>

,. ,
5 ,,

s3t gj m e ..,m-

e .

fMQ4f .,_w [ .
,

r 's - T C D E F G H Ig
J '

12 12 12 12 12 12 12 12 |
h :S.7

b % |FrW:
2; , *ow.- w

,

P,. ( , M, . w v A .
.*

,

; : 5 t[4," i/''a
'.

;[{.nagain;.h':W ~ * y,gge 4. Weld Identification for Large Environmental Fatigue Pipe Tests> pq

y5,%f * Y;[ ,
1h.Q }@;;k?) e g rr- W '~

gy%9a+3-&
' i .. Jh hl[h;s

1.b' ; 9, . 6, 6
. ~ jp

_f * Y, ~ }$

'g-rQ F%t"
| ' , e k '^1 '

-:
j. 9- g.

._ ; ; ,. ,,

';

'|3. - -:. a b... c

$
['

i

h
"

SINGLE CYCLE LOADOEFLECTION
E, '_ -- { > f[i.# BEHAVIOR OF TEST PIPEA,w* w I --

xr
1.75 Fyd = 49S00 psi (344 MPs)

/ -#A
-

1.

j -*---- 1.36 Fyd = 38B00 psi (268 MPa)
j\ r-PHASE-~.

I' ('
, I & ll

CYCLING f STABLE LOAD-DEFLECTION
BEHAVIOR AFTER SHADEDOWN
BlJT BEFORE CRACKING

1hp
-

4

ai
. 7 PHASE Ill CYCLING

|
-4- -- MINIMUM LOAD

..

> -. CONTROLLED DEF LECTION RANGES
*

m

, TEST MACHINE STROKE (DEFLECTION)
+. 1,

. .

;

4 W.4(

Figura 5. Demonstration of Shakedown Behavior *. ~ ,

-5

4 . _ - *_ y
'

>

b

a e

, f

. L . ', y., 33, -

'' A * *
_y,. }

,

.

_ . _.



~ .. .

t ,.

..

NEDC-21463-1

i

The maximum stress for each of the Large Environmental Fatigue Test Facility tests was selected to be equalte I
Di

maximum bending stress used in the CL-4 bending tests. That stress level was 38,800 psi (268 MPa) which is 136% ct 3 1.2 q
550''F (280*C) yield strength of the test material. The calculated stress level did not include pressure or residual stressr

71.2.1
i During later phases of the second and fourth large Environmental Fatigue Test Facility tests the maximum sp

f
level was increased to 175% of the 550*F (280"C) yield strength to further accelerate cracking. ,

l
2. Cyclic Wave Shape Thee

The cyclic wave shape or control wave form used during all phases of each Large Environmental Fatigue Test Fa< P'#
pt*test was trapezoidal with a period of 1.5 hours (see Figure 6). During each cycle, the specimen was subjected to 5 minut-

M' #'
minimum load [5000 lb (2268 kg)],5 minutes during rising load,75 minutes at fullload and 5 minutes during decreasing nr ,.
The test frequecy was therefore 0.67 cycle per hour. is -

3. Test Environment ,

miest. Wht
During all phases of the testing a high oxygen (8-12 ppm) demineralized water environment at 545*F (285'C) ~ ppe had a

1120 psig (7.7 MPa) was circulated through the inside of the specimen. The flow rate was approximately 2-3 gpm (7.5-1 g Mat ag
1/ min). The electrical conductivity of the water was maintained belc v 1 pmho/cm (2.54 pmho/in.). Load was not applied t @ ek
these conditions were established. Med aftv

.creening12
n the as-de,

|
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'N ,,lornent for the second Large Environmental Fatigue Test Facility cyclic tension test was composed of eight4

*nd Iwo end pieces, all joined by insert-type groove welds to produce a composite pipe of 32 inches (81.3 cm)est
" M nd pieces. Each segment was prepared with a unique material, weld practice, or weld treatment (e.g ,inside

rure control, corrosion resistant claddng, solution heat treatment af ter butt welding). The weldment tested in
i piogram is shown schematicallyin Figure 7 and the remade weldment tested in Phases !! and lit of the test
ntedin Figure 8. Also included in Figures 7 and 8 is a listing of the specific fabrication process used for each

'

- W
res 9 and 10, the compteted pipe weldment is shown in the Large Environmental Fatigue Test Facility. One'

, the corrosion resistant cladding, was applied to the pipe inside surface both as an overlay and as an inlay ior
p appbed as an overlay, the clad pipe wall thickness was typically 0.380 inch (0.97 cm) whereas the inlayed clad

s
B

m thsckness which typically was 0.300 inch (0.76 cm). Consequently, the pipe test only stressed the overlayed(7
Med zone to about 100% of the 288'C engineering yield strength. One of the overlayed welds (F2) and one

%,ed (H t) were solution heat treated following the cladding whereas the overlayed weld (F1) was not solution heat
ano, cladding. The solution heat treatment consisted of 1950*F (1066*C) for 1/2 hour plus water quench. In the

t
?

st. Type-312 staintess steel weld metal was used as the pipe cladding material because ofits high ferrite contentp pposited condition.

gksn standard heat input welds practice and high heat input welds practice were used in the fabrication of the test
um Standard heat input practice is considered 40,000 joules /in. (15,750 joules /cm), maximum, with the first two weld

ermed by gas tungsten arc welding and the remaining two layers by shielded metal arc practice. For tne high heat
ws gas tungsten arc welding was employed for all the layers and the heat input was limited to a maximum of 76.000w p0.000 joules /cm).

The ppes were welded in the 1 g position (pipe rotating, welding downhand) to produce welds as repeatable as
.;segM.ng manual welding techniques. All welding start and stop locations were recorded and have been maintained inswy log books.

Deecription of Pipe Test in Large Environment Fatigue Test Facility

14 ppe test was performed in the Large Environment Fatigue Test Facility at 288'C (550*F) in 8 ppm oxygenated
,
*

The maximum stress appised to the pipe initially was 136% of the Type-304 stainless steel yield strength and the
: N ho>ency was 0.67 cycle / hour. A detailed description of the test general procedure for a?1 Large Environmental

one.e Test Facihty tests is presented in Subsection 3.1.1.3.
T-

The testing was performed in'.hree phases. The first phase of this test was defined as the period from the start of h
,

'

We a theough wailleak occurred nea, one of the unprotected test welds (Weld E2)after 233 h e
'

4**d E t A section of the specimen, including all of the ultrasonic test indications and the leaking crack'3 M Lubsequent ultrasonic examination near other unprotected welds revealed crack indications at welds B2 C1 D1
ours(see Figure 7 for weld

.

, , ,

W for visual, dye penetrant, and metallographic venfication of cracking and cracking mode.
, was then cut and

ID Con!'nue the test on the remaining uncracked welds, a new 4-in (1016-cm)long piece of c nt f
* ** * IA*t welded into the specimen between the points where the cuts were made. This re-welded specimen was th

. . e ri uga!!y cast CF8
t** * on test to begin Phase 11. en

)

" N ons were identified in the pipe specimen and the pipe was 7 turned to testN second phase of the test was stopped after 891 hours of adddional testing for an ultrasonic legexamination No. i
. I
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The load was then increased to 175% of the Type-304 stainless steel yield strength at temperature to f

|
accelerate cracking. This third phase of the test ran for 260 additional hours. Ultrasonic testing performed after this ',

i identified cracking in the heat affected zone of weld E2' (see Figure 8 for location of Weld E2'). The pipe was cut apart a(
{ complete dye penetrant inspection was performed. Cracking was identified in the heat affected zones of additional we

complete weld-by-weld summary including test time and cracking data is presented in Table 1 for the ref ei ence welds as

Table 2 for the remedy welds. Metallurgical investigation of the cracked welds followed the dye penetrant tests.
'

t se,esrW
3. Post-Test Metallurgical Examination of Second Large Environmental Fatigue Test Facility Pipe

_
. st6

The primary method used for periodically inspecting the test welds for crack initiation was during testing by ultra p
measurement. Baseline ultrasonic test measurements were made and recorded at the beginnireg of each phase of f.-

These measurements were then compared to the data obtained at the end of each phase. Changes relative to the base 304
I 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 metallurgical evaluation was performed 304

h determine the extent of cracking and crack morphology. This metallurgical evaluation included macro examination of the p'
304

p inside surface and macro and micro examination by destructive metallography.
L 304

k
L The macro and micro examination of each of the welds where dye penetrant indications were observed confirmed the 304

i cracking as intergranular stress corrosion cracking in the weld heat affected zone. This result was particularly surprisingI
the cast CF8 p;pe where no cracking was expected (Weld E1'). Subsequent ferrite measurements of this weld indicated tha;

, the residual ferrite was less than 5%. A comparison welded cast pipe section with 11% to 14*/. ferrite (Weld H2) did not crack
during the test. A photograph of typical cracking observed in the cast pipe with less than 5% ferrite is shown in Figure 11 316

} where an interdendritic stress corrosion crack is seen with a depth of 136 mils (0.35 cm). Additional stress corrosion cracks
were observed in this pipe weld heat affected zone with crack depth of from 13 to 144 mils (0.033 to 0.360 cm).

; The crack depths for these cracks were surprising considering that the cracks on the pipe insido surface were no more

k than 80 mils (0.2 cm) in length. The extremely short crack fronts in this material were probably a result of the long columnar

j grains extending in the direction of crack growth providing an easy path aack propagation. An additionalfactor contributing to
the rapid crack growth was the very hjh level of applied stress during this phase of the test (175 percent of 288"C (5507)
yield strt ss).

<

'

A typical crack in the reference unprotected Type-304 stainless steel weld heat affected zone (Weld E2')is presented q
in Figures 12 and 13. As seen in Figure 12, multiple cracking at a distance of 0.2 to 0.3 inch from the weld fusion line occurred q

[ A micro section shown in Figure 13 shows a typicalintergranular crack to a depth of 51 mils (0.13 cm). The cracking in this DP

pipe occurred at 175% of the 288'C (550*F) yield strength. No grinding was performed on this weld. f

One conclusion resulting from this pipe test is that gnnding, particularly post-weld grinding, is a clear accelerant to
intergranular stress corrosion cracking in as-welded Type-304 stainless steel piping. In Figure 14 a photomacrograph shows
the cracking on the C1 side on the heat affected zone of Weld C in the pre-weld and in the post-weld regions of the pipe.01
particular interest is the intergranular stress corrosion cracking observed exclusively in three localized ground spots where

'

the grinding wheel accidentally contacted the pipe inside surface af ter butt welding. Cracks are observed to initiate only in
these three localized grinti spots as shown in Figure 14. This evidence and the large extent of cracking in gener.it in the
ground regions on the pipe inside surface, provide evidence that grinding is a strong accelerant to intergranular stress
corrosion cracking in welded Type-304 stainless steel piping.

.

4. Conclusions

; The following findings or observations can be made on the results of the second Large Environmental Fatigue Test
Facility cyclic tension test.

(1) The laboratory pipe tests duplicate the intergranular stress corrosion cracking found in Type-304 stainless
steel piping used in boiling water reactor systems.

3-10
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Table 2

TEST SUMMARY; PROTECTED (FIXES) TEST WELDS, SECOND LARGE ENVIRONMENTAL
FATIGUE TEST FACILITY CYCLIC PiFE TEST

.e

Protection
Metnod*

Test PhasesMpe Wold New Weld I 8 Ill
Meterial Heat No. Heat * Grinding CRC SHT Meterial identincetion a , = 1.38 ayd a = 1.36 ayd a., = 1.75 ayd

304 M7618 Std 1805270" 312 None No F1 NC' NC NCoverlay

304 M7816 Std 180-270" 312 Yes No F2 NC NC NC#overlay BBW

304 M7616 Std 0-90* None Yes No G1 NC NC NC#A8W

304 M7616 Std 0-90' None Yes No G2 NC NC NC#ABW

304 M7616 Std 1806270" 312 Yes No H1 NC NC NC8overtay 88W

CF8 ESCO Std 180-270" None Yes CF8 H2 NC NC NC#BBW

CF8 WISC. Std None None None CF8 B2' NC 3 small crack
indcabons
by PT

CF8 WISC. Sid None None None CF8 E1* NC 3 sman packs
sound by PT

124 718 891 Test Cycles
235 1124 1384 Test Hours

* Std Heat = 40.000 J/6n. (15,750 J/cm)
* CRC = Corrosmon Resistant Claddng

SHT = Solution Heat Treatment - Soluton Anneal
* NC = No Cracks Detected by Ultrasone Test

UT = (Ptrasonec Test

PT = Post-Test MetanurDical# *

B8W - Before Butt Weld
ADW- After Butt Wold
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(2) Under the test conditions described the pipe remedy methcds were ef f ective in preventing intergranular stress

corrosion aacking with the possible exception of one heat of CFB pipe where the ferrite level was below the
minimum 8% level recommended for boiling water reactor use. The others remedies survived all three phases

;
., #

i of this test (1384 hours) without cracking.
1

(3) The combination of low frequency - high stress loading, high oxygen environment, high heat input welds, and

surface grinding appears to accelerate intergranular stress corrosion cracking in Type-304 stainless steel as
seen by comparing failure times w;th those of field failures.

(4) Unprotected welds in Type-304 stainless steel will crack even with controlled welding heat input and no
grinding, but the cracking takes longer.

(5) Mistreatment of unprotected Type-304 stainless steel welds has an additional accelerating effect. The order of

decreasing severity appears to be:

a. High heat input plus inside surface grinding.
b. Controlled heat input [-40,000 J/in. (15,750 J/cm)] plus post-weld grinding.

c. High heat input without grinding.
d. Controlled heat input without grinding.

(6) 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.

(7) Minute grinding marks are sufficient to trigger integranular stress corrosion cracking in Type-304 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)

t e rs

1. The third f ull-size cyclic intergranular stress corrosion cracking pipe test was designed to test exclusively the heat sink p ot.

'

welding pipe remedy. The we'ded pipe was fabricated by joining eight 4-in. (10.16-cm)long 4-in. schedule 80 pipe segments
of Type-304 stainless steel as shown in Figure 15. However, unlike the second Large Environmental Fatigue Test Facility
test, additional transition piece was included as part of the welded pipe so that two additional welds could be tested, welds A
and I. This transition piece consisted of 4-in.-diameter schedule 160 Type-316 stainless steel, one end of which was
machined to schedule 80 in order to match the Type-304 stainless steel pipe.

This full-size-pipe test was performed to explore potential benefits to be derived from heat sink welding of Type-304
stainless steel pipe. Prior laboratory work at General Electric on inside surface water cooled Type-304 stainless steel pipe
welds indicated that inside surface water cooling reduced the time that weld heat affected zones spent in the sensitizing
temperature range. This third large Environmental Fatigue Test Facility test was designed to explore the benefits indicated

in the laboratory tests.

The test welds were fabricated from Heat M7616 Type-304 stainless steel piping, which had failed readily in the
*

second Large Environmental Fatigue Test Facility cyclic tension test as welded pipe in both the ground and unground
'OD

conditions as both high- and low-heat-input welds (for both the heat sink and the reference welds). Pre- and post-weld DP
grinding was applied to quadrants of each weld. The weld fabrication description and summary of fabrication treatments are M
presented in Figure 16.

The inside surf ace cooling procedure for the heat sink welds originates from prior General Electric laboratory tests. A

description of this technique follows.
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WELD IDENTIFICATION

3 tress A B C D E F G H I
>w the g 12 12 12 12 12 12 12 12 12 |

,

N
A 2 29 304 304 304 304 304 304 304 304-O 2 29 AP * *-

l HI STD STD Hi HI HI STD STD Hi Is,and
_

|

eelas NO l.D. l.D. COO LING NO 1. D.
.

COOLING COOLING i

41.O. = INSIDE SURF ACE
4d no -

'
HI *:'. 70,000J/in.127,560J/cm)

NO T ES: 1. WELD HEAT INPUT ;

STD ~_40,000J/in. t15,750J/cm)

2, GRINDING DETAILS O- 900 GRIND PRIOR TO WELDING
ALL T EST WE LDS 90-180 NO GRINDING
A THROUGH 1 180 270 GRIND AFTER WELDING

q270 - 360 NO GRINDING
<

,k
3.

ALL TYPE.304 STAINLESS STEEL FROM HEAT M7616 (THE MOST SUSCEPTIBLE HEAT)
arro-

enc
fogure 15. Test Configuration Third Cyclic Tension Test on Large Environmental Fatigue Test Facility 1

,

iless

The heat sink weldino practice used to prepare this welded pipe did not include any cooling of the root layer, other than
ew evvmal gas back purging. Subsequent weld passes were water spray cooled on the inside surface using the following

;,
Msink p cr utore:

pn'a ;
'

fility -

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

as -

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

J -

A water flow rate of 2 gpm (0.151/sec) was employed for spray cooling. This was obtained by use of a regulator44 providing 9 psi (0.0063 kg/mm8) water pressure.
<pe

ing -

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

( -

The pipe was rotated during welding while the welder added filler metal at the 12 o' clock position (1 g).

ihe
it was possible to visually observe the pipe inside surface during this operation and a momentary bright red color was

* M'a 'n the area under the weld arc. However, the outside surface temperature of the weld immediately af ter welding was
nd
old

M'0' mately 70"F (21*C). Standard-heat-input welds were limited to 40,000 J/in. (15,750 J/cm). The welding proceduresl
* ' N rebence Type-304 stainless steel welds are as described in the Second Large Environmen?at Fatigue Test Facilityg
V5< Imvon test.

n
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;
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C
e

h-

ption of Third Cyclic Tension Test in the Large Environmental Fatigue Test Facility4

TM t td cyclic intergranular stress corrosion cracking pipe test was performed in the Large Environmental Fatigue
-

I r
iig 1 . the same cyclic loading conditions, water chemistry, and test temperature as described in the generalized 1

tedl W # the Large Environmental Fatigue Test Facility tests (see Subsection 3.1.1.3). The maximum load applied
'

1

(- ed F8 as 136% of the Type-304 stainless steel yield strength at test temperature. The test consisted of one phase
F a# 122 test cycles (183 hours) when a through-wallleak developed in the heat affected zone of one of the ref erence

eM# uent ultrasonic testing and liquid penetrant examination revealed cracks in 14 of the 16 Type-304 stainless f1

affected zones (8 of 8 reference and 6 of 8 inside-surface-cooled-weld heat affected zones). No cracking was 4*M 4Lg sn the two Type-316 stainless steel weld heat affected zones. A post test examination including macro and micro

pny was instituted to identify the extent of cracking and the fracture morphology of the test welds.

! pg. Test Nondestructive Testing and Metallurgical Examinationg
I b
; ine nondestructive examination of the test weldment used in the third test included acoustic emission monitoring of k

~ w roso during this test and ultrasonic examination of the test welds before and af ter the test. The acoustic emission
j

#
O program was performed in hope that one could discern a recognizable pattem which would provide useful

; gen regarding the onset of crack initiation and crack propagation rates as well as predicting specimen failure.

T ne uttrasonic test post-test inspection indentified crack indications in 15 of the 16 welds. The indications ranged from
"

%., cra extending 360 degreet, Aand the pipe (as shown in unprotected weld heat affected zones A2, D1, and 11), to ;

} g ,wa: ons of 1/2 inch (1.27 cm) in length (as presented in heat sink we!d heat affected zone F2). A schematic display
s N .,rrasonic test results is presented in Figure 17 along with the welding and grinding specimen details.'

4
,

,
1

f- Fotomng the ultrasonic examination, the pipe was cut axially into two halves and liquid red dye penetrant measure- ,

; ,c .,,e performed on the inside surface of the pipe to confirm the findings of the post test ultrasonic examination of the g

m Tne penetrant indications on the pipe confirmed the ultrasonic test indications and revealed cracks in 14 of the 16 heat j
.%.3e.$ rones in the welded pipe. These heat affected zones included all eight of the ref erence heat affected zones and six of j

b .c s/ N heat sink-welded heat affected zones. No cracking was found in the two Type-316 stainless steel heat affected d
i aname A schematic summary of the liquid penetrant indications is also presented in Figure 17. The results are nearly identical

- e Nee cresented in the ultrasonic test summary, as shown in Figure 17. The only discrepancies occurred in the heat sink ;

.ess [2 and F2 where small-amplitude ultrasonic test indications were observed which were not confirmed by liquid j<

sere * art,
,

g ;

$ t es noteworthy that the cracking in the six heat affected zones of the heat sink welds is almost exclusively associated
* p* =cid grinding. Only in weld heat affected zone El does the cracking appear to extend appreciably beyond the |:

Ie Pa8 ***3 9'ound region and the weld E is a high-heat-input weld. Another observation is that the cracking is much more
; **merre in the reference Type-304 stainless steel welds with eight out of eight heat affected zones cracked and the cracking
"

F****r estends into the unground and ground welding regions as well as being on the post-weld ground pipe surface. I
^t e

arne 3 summarizes the dramatic difference in deyee of cracking between the reference and heat sink welds when !

( **e3 on a quadrant-by-quadrant basis, it appears clear that almost all (if not all) of the cracking in the heat sink 1

} f*H a as associated with post-weld grinding. Post-weld grinding typically introduces high tensile residual stresses on '

n* YA sta niess steel piping surfaces (see results of Electric Power Research Institute / General Electric Program ||
4 % 2 for details. NEDO-20985-1 through -5). This post-weld grinding procedure probably overwhelmed the more

arme stress state which existed following heat sink welding, thus providing a condition of initiation of intergranular stress i+

paing These results show the dominant effect of state of surface stress on the intergranular stress corrosion

[{**eM swept tdty of Type-304 stainless steel in this environment. The differences in the extent of intergranular stressuaxng between the heat sink welds and the reference welds are shown in Figures 18 and 19. In Figure 18, the.

j "" *% G and H are shown at 3X magnification on the pipe inside surface. The linear crack indications in the ground ,

heat affected zone of each weld can be observed (with the aid of liqu;d penetrant). The cracks are exclusively
S the gond.ng and are very tight. One was unable to see the cracks visually without the aid of liquid penetrant. A

f;!
7

4 @ C''e cf the cracks in the heat affected zone of weld H identified the crack as an intergranular stress corrosion )( * 0"Ph of approximately 1 millimeter (40 mils). ;'

( i}:4 :

I|
t' 3 19 !'

ii
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Table 3
HEAT AFFECTED ZONE CRACKING COMPARISON BETWEEN

REFERENCE AND HEAT SINK WELDS OF TYPE 304 STAINLESS STEEL
(LlQUID PENETRANT RESULTS) ,

.

HAZ Ouadrants 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 - Heat Affected Zone

Figure 10 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 wold heat affected zone. As evidenen;
the amount of red dye observed in the figure, the cracks are rather open and deep. No metallography was performed for -
of the reference pipe cracks as one crack penetrated the outside surface and leaked. Further, the results of the secondL :
Environmental Fatigue Test Facility test clearly identified this cracking modo as intergranular stress corrosion crack

4. Conclusions ,

The results of the third Large Environmental Fatigue Test Facility cyclic tension test resulted in the folkr

conclusions:

(1) Acoustic emission is not yet well enough understood to be used as an on-line nondestructive test discrim'r

of intergranular stress corrosion cracking in stainless steel piping systems.

(2) Heat sink welding appears to improve the resistance of Type-304 stainless rieel to intergranular st
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 intergrar-
stress corrosion cracking. Pre-weld grinding has little effect.

3.1.2.3 Fourth Full-Size CycIle 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 et
intergranular stress corrosion crackirig susceptibility of the potential alternate piping materials Types 316 and 4
stainless stealin the boiling water reactor environment. As in the second and third Large Environmental Fatigue Test Fa-

test, eight 4-in. (10.16-cm) long 4-inch schedule 80 pipe segments were butt welded together to provide a welded ppt
shown in Figure 20. As in the third Large Environmental Fatigue Test Facility test a transition piece of 4-in. schedde -
Type-316 stainless steel was welded to test sections A and I so that a total of 18 heat affected zones were available
testing. Also included on test were two reference welds of Type-304 stainless steel from a resistant pipe heat (heat MM
provide a standard with which to compare the intergranular stress corrosion cracking behavior of the Types-316 and4
stainless steel pipe sections. A total of two heats of Type-316 stainless steel, one heat of Type-316L stainless steet,a6

heat of Type-304 stainless steel were included in the test.
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!
l
! All welds were f abricated using high-heat-input techniques. The first t*o layers were w elded using a gas tungy

! technique and the third and fourth layers were welded using shielded metal are technique. Alllayers were one pasq
Following the butt welding of welds F, G, H, and 1(as shown in Figure 20) this test section (bounded by weld preparg !

'

and the transition piece) was heat treated at 915'F 15*F (490*C 2 8*C) for 24 hours (to further accelerate the interg /e

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-to-90 degree quad %
,
' pre weld ground and with the exception of weld E which was inaccessible for post-weld grinding, the 180-to-270, #

quadrant was post-weld ground. The complete weldment was ultrasonic test inspected prior to test.

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

The testing con $tions used for Phase 1 of the fourth Large Environmental Fatigue Test Facility cyclic tensile tem
as described in the general test procedure (see Subsection 3.1.1.3 for details). The pipe was load cycled at a frequer
0.67 cycle /heur to a r taximum stress of 136% of the Type-304 stainless steel 550*F (288'C) yield strength a
temperature in oxygenated high purity water.

The first phase of the fourth Large Environmental Fatigue Test Facility test ran for 578 cycles (867 hours) aftert
the weldment was removed from test for ultrasonic test inspection. Indications were observed in weld heat affected zorr

and G1 (the reference Type 304 stainless steel which received the post weld low temperature sensitization). No-
indications were observed in the weldment. The pipe section including w(Ids F and G was removed and replaced br

welding a 4-in. (10.16-cm) long piece of Type-316L stainless steel 4-in. (10.16-cm) schedule 80 pipe (without post-w( +ros

temperature sensitization) forming the now test welds F' and G'. The pipe configuration for Phase I and f or Phase 11is e

in Figure 21. gjg

Phase 11 of the test program lasted an additional 139 cycles (209 hours) after which ultrasonic test inspection
performed. No crack indications were found on the weldment. In an attempt to further ac alerate cracking, the load
increased to 175% of the Type 304 stainless stee! 550*F (283*C) yield strength at temperature (Phase Ill). This third an6

phase of the test was stopped after 159 cycles of addition 11 testing (239 hours) due to a test loop shutdown. Durrg
shutdown the specimen was examined by ultrasono testing. Indications were observed in some of the weldments.Tre
was terminated at this point to allow a complete ultrasonic, liquid penetrant, and metallographic examinations of the w

3. Post-Test Nondestructive Testing and Metallurgical Examination of Fourth
-

La'ge Environmental Fatigue Test Facility Cyclic Test Weidment

The post-test ultrasonic, liquid penetrant, and metallographic examinations of the weidment used in the fourthL
~

Environmental Fatigue Test Facility cyclic tension test has begun. The examination is in its early stages and will be repu*

in future reports. At present, not enough information is available to draw conclusions as tothe mode of or extent of cracic .g
the test weldment.

3.1.3 Full Size Pipe Tests in CL-4 Test Facility

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 loep to evaluate the intergrar %
stress corrosion cracking susceptibility of reference Type-304 stainless steel and the potential remedies. The initialtet
the series (the first three-point bend test and the first f our-point bend test) investigated the behavior of unprotected Typt
stainless steel piping weldments in 8 ppm oxygen high purity water at 288'C (550*F) and at high applied stress (marr
outer fiber stress was 136% of yield strength at temperature). The test results, reported in the General Electric Pipel
Force Report,' revealed that this test condition could produce intergranular stress corrosion cracking in Type-304 str

steel.

I
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316L _ 304 316 316 304 316L 316 316

~(00630) (M7772) (M00851 IMm85) (M1772) t00630) (2P6429) (?PG429)

d *
HEAT

Ig "

** PW LT S * >
BE NO rwtTS* 4,

*

HE AT 2P6429 WAS PREVIOUSLY T ESTED IN LEF T CONDITONS ( AS WELDED).
'wit $

HEAT M1772 WAS PHEVIOUSLY TESTED IN TENSION AND BEND PIPE TESTS AND DID NOT
a ;

SHOW INTEHGH ANULAR STRESS CORROSION CH ACKING.
g2,

|
HEAT M698515 A NEW HEAT NOT PREVIOUSLY TESTED (10.16 cm DIAMETEH)

;

| 3

THE TWO END PIECES ARE REDUCERS TO COUPLE THE 4 m. SCHEDULE 80 PIPE TO ENDM 4
14 CLEVICES REQUIRED FOR TESTING.

ALLWELDSWERE MADE WITH HIGH HEAT INPUT AT THE SECOND PASS. 1
5 j

.-n

3RD PASS (Shit:LDED METAL ARC) [
p eas (SHIELDED METAL ARC)|

p o PASS IGAS TUNGSTEN ARC)
- ROOT PASS (GAS TUNGSTEN ARC) '|

'
L0n)
ap|n
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dhag _.

Test Woldment for Fourth Cyclic Tension Test in Large Environmental Fatigue Test Facility
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Two additional pipe tests have been performed in the CL-4 test facility under four-point bend.ng conditions, the g g
four-point bend test and the third four-point bend test; these tests screened the potential remedies and/or prot
methods. The remainder of this section describes the weld fabrication details, test procedures, and test results for i P

, y 'il
four point bend pipe tests. ;

f gi P

t #
_

3.1.4 Technical Summary of Full Size Pipe Bend Tests in CL-4 Test Facility } A

F
3.1.4.1 Second Four-Point Bend Intergranular Stress Corrosion Cracking Pipe Test

a
-

A. Fabrication of Pipe Weidments -

Gp o

The four-point bend test fixture, shown in Figure 22, tests two companion pipes by loading the pipes against ' ' " " " " " ~

other using hydraulic jacks and fixed position ends. The pipes are loaded in bending and the region betwcon the hy
jacks is at the same load throughout the length of pipe. In this manner, a large number of test welds can be exposedio
same loading conditions.

In the second 4-in. (10.16-cm) schedule 80 four-point bend test pir 3 set, the potential pipe remedies which
tested included solution heat treatment after welding, corrosion resistant weld cladding with and without solutiont
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 seam 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 all specimens were grour'd on the inside surf ace at the counterbore and weld root at

the entire pipe circumference. Welding was portormed in the 1 g position (pipe rof ating. welding performed downhand)
maximum heat input of 76,000 J/in. (30.000 J/cm). Gas tungsten arc and shielded metal arc processes were employed
the pipe butt welding.

,

For the inlay weld deposits, the shielded metal arc process was employed at normal heat input values. The we
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 ta the weld. In this loading configuration, approximately 14 % of the circumference of the pipe is load
at least 90% of the maximum load, and approximately 25% of the circumference of the pipe was loaded above the
strength of Type-304 stainless steel at is 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-t nioad
dunng which time the test loop was shutdown or. three other occasions for ultrasonic test inspection of the test pipe pair.
indications significantly above background were observed during any of the interim inspections. Following the 3812-hotr

,

I an additional 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.

, I

| 3.1.4.2 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 to that showin Fegure

for the second four-point pipe bend test. In this bend test pipe set. the corrosion resistant cladding prpe remedy wa5f8
principal remedy evaluated. as an overlay using both Type-308L stainless steel and Type-312 stainless steel for cla
matenal. A drawing of the procedure used for applying the overlay is shown in Figure 25. In Figure 25, clad region A *8
solution heat treated following the cladding operation (as shown in the marked region of the figure) and region B was

3 26
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SOLUTION ANNEALED
,

gENDS 309L-Mo INLAYf- ROLLED & WELDED

/ / %
WELDMENT 29A ''A P 1 2 3 4 5 6 CAP

'

< ,

pipe Butiy

A B C D E F G ,

A-
SOLUTION ANNEALED

A B C D '

E F G

.'
4'

WELDMENT 298 CAP 1 2 3 4 5 6 CAP

N r / '

AENDS 312 SS INLAY ROLLED & WELDEDSOLUTION ANNEALED

NOTE: PIECE 5 WAS FLARED AT EACH END AND WELD INLAYED.

INLAY FOR 29A IS E3CD Mo L.16.

INLAY FOR 298 IS E31216.

PIPE END INSIDE MATERIAL

PREPAR ATION HEAT HEAT SURFACE WELD _ C.

IDENT!FICATION INPUT TREATMENT CONDITION DEPOSIT TYPE HE AT No

29 A-A1 ' END PIECE (GTA WELD)

29 A-A2,

29AB1 SG SHT GROUNDa NONE 304 F50343

29 A 82 bG SHT GROUNDa NONE 304 M7616

29ACI 5G SHT GROUNDa NONE 304 M7616 2. NN
29A-C2 SG SHT GROUNDa NONE CF8 PS20

29 A-01 SG NONEc GROUNDa NONE CF8 P520
~

29A-D2 SG NONE GROUNDa NONE CF8 98695

29 A-E1 SG SHT GROUNDa NONE CF8 98695

29A E2 SG SHT GROUNDa 309-L Mo INLAY 304 7616

29 A-F1 SG NONEc GROUNDa 309 Mo-L INLAY 304 7616

29A-F2 SG NONEC GROUND * NONE 304 2P6396

29 AG1
END PIECE WELD29AG2

8.
298-A1
298 A2 END PIECE

29841 ~ SG SHT GROUNDa NONE 304 2P6396

29BB2 SG SHT GROUNDa NONE 304 454659

29841 SG SHT GROUNDa NONE 304 454659

299 C2 SG SHT GROUNDa NONE CF8 PS21

C GROUNDa NONE CF8 PS21 _ gg290-01 SG NONE

?]B D2 SG NONEc GROUNDa NONE CF3 CENTR.

298 Et SG SHT GROUNDa NONE CF3 CENTR.

29B-E2 SG SHT GROUNDa 312 INLAY 304 F50343

C GROUNDa 312 IN LAY 304 F50343
298 F1 SG NONE

D
298-F2 SG NONE GROUNDa NONE 304 F50343

END PIECE WELD
298 G2

a - ALL SPECIMENS GROUND ON INSIDE SURF ACE AT COUNTERBONE AND WELD ROOT

| AROUND ENTIRE CIRCUMFERENCE

| b - ROLLED & WELDED PIPE

I c - SOLUTION ANNEALED PRIOR TO BUTT WELD

[ SHT - SOLUTION HE AT TREATMENT

Figure 23. Makeup cf Static Four-Point Bend Test Weidments
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"

MWelds ,
. y

J- goot insert Weld (Gas tungsten arc) ",
.

100
~

Amps-

votts 14 to 16 Approximately 38,000 J/in. (15,000 J/cm),

Travel 2.2 in./ min
' '

Second Weld Layer (Gas tungsten arc) - 1 Weave Pass
,

g

fAmps 110

Volts 15 Approximately 76,000 J/in. (30,000 J/cm)
I

Travel 1.2 to 1.5 inimin y
< Tin

Tnad to Finish Weld Layers (Shielded metal arc) - 4 X Rod ||
C

Ht W Diameter Weave

Amps 100 to 105

votts 23 to 25 Approximately 36,000 J/in. (14,200 J/cm) !
'

Travel 3.5 to 4.0 in./ min !
'urs

MM '

g m Weld Depos.tsi

|P520 *

, we Tpe E312-16 Filter Metal tg

A r rst Layer (3/32-in.-diameter Electrodes)

Mit
. Amps 70 j

Volts 22
,

Travel 4 to 6 in./ min

N & SecoM Layer (1/8-in.-diameter Electrodes) ,,

Amps 95
'

'
Volts 23*
Travel 5 to 8 in./ min

|r521

- - We E309L Mo-16 Filler Metal

CE
Bom Layers (1/8-in.-diameter Electrodes), , ,

Amps 95
'

Votts 23 i- :
,

'

Travel 5 to 8 in./ min !

:,.

'

Figure 24. Welding Procedures for Second CL-4 Pipe Bend Test
'
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/ 5 e[ PIPE WALL /

' ' s4%)j$"

INsIDE
-- %

B tCRC - NO SHT)
A (CRC AND SHT)

;i C

!j
CRC - CORROSION RESISTANT CLADDING

d_ SHT - SOLUTION HE AT TREATMENT
i

&

Figure 25 Cladding Process for Third CL-4 Pipe Bend Test
D

#
clad. Type-308L stainless steel was used as cladding material for region B exclusively. However, for region A. Type-312
stainless steel or Type-308L stainless steel was used as cladding material where solution huat treatment followed theg

cladding. The purpose of us4ng Type-312 stainless steel was that the residual ferrite following solution heat treatmers
remained above the minimum 8% femte specified for providing immunity to intergranular stress corrosion cracking kt
addition to the corrosion resistant clad pipe welds, reference unprotected Type-304 stainless steel and unprotected3

Type-316L stainless steel were also tested.
; 9

The pipe pair tested in the third pipe bend te st is shown in Figure 26. The two pipe weldments,36A and 368, were weid
overlayed at weld joints C and D. For weldment 36A, welds C and D were overlayed exclusively with Type-308L stainless
steel. For weldment 368, weld D was clad exclusively with Type-308L stainless steel while weld C was clad with Types-312,

*

and -308L stainless steel as described above. The welding procedures and details for both pipe weldments are presented rt
Table 4. The welding heat input parameters for butt welding and cladding are as presented in the second CL-4 pipe test(,'

'

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

The third f our-point bend pipe test pair (pipe weldments 36A and 368) were loaded in bending at 288'C (550*F)in 8
ppm oxygenated water with a maximum outer fiber stress of 136% of the Type-304 stainless steet yield strength at teif4
temperaturo applied to the weld. The pipes wero load cycled periodically to simulate reactor startup and shutdown cond* ortM

'

The pipe test consisted of two phases. Phase I consisted of 1380 hours on test and 100 load-unload cycles after whd
ultrasonic test examination was performed. The ultrasonic testing indicated cracking in an unprotected weld heat affected

-

.

zone of both pipes (heat af fected zone E1). Weld E was removed f rom both pipe specimens and the pipes were reweided and
returned to test.

._

During the second phase of the test, test weldment 36B developed a through-wallicak 2.5 inches (6.3 cm)long on the
outer surface and 5.5 inches (13.8 cm) long on the inner surface. Weld B was removed from the pipe, the pipe was rewelded
and returned to test to complete the scheduled Phase 11 program. Phase 11 continued for an additional 722 hours (and 18
toad-unload cycles) whea a leak developed in weld heat affected zone B2 of weldment 36A. At this point, following a totalt881
time of 2683 hours and 292 load-unload cycles, the pipes were removed from test and a complete ultrasonic testinspectA

-

ne

*
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Table 4 |
THIRD FOUR-POINT BEND TEST FABRICATION DATA It ,.

4-in. SCHEDULE 80 FIPE ,

6
* s,

. Protection Method g

'
3 Heat Grinding Thermal New i

# pne Material input 0-90 00-180 180-270 270-360 CRC Treatment Material
-

ASTM A312 ti <
,,

u- WA y pe.316L None None None None None None 316L Pipe | ;y

Std ; :

9 ASTM A312 '!g% Type 304 None None None None None None No

C1 ASTM A312 Buffed Buffed Buffed Buffed 308L Clad SHT Portion 308L Clad i:i
M', Type-304 Prior to

Butt Wald '
s

Std
C ''

C2 ASTM A312 Buffed Buffed Buffed Buffed 308L Clad SHT Portion 308L Clad
,

i Type-304 Prior to
, [|

,

L. Butt Weld
9,

<

i (g j
, p pt ASTM A312 Buffed Buffed Buffed Buffed 308L Clad SHT Portion 308L Clad I

Type-304 Prior to -

, ,

Butt Weld 4 !<

S Std l 1.
* '

a D2 ASTM A312 Buffed Buffed Buffed Buffed 308L Clad SHT Portion 308L Clad :t| ',' Type-304 Pnor to :3f

) Butt Weld j '

r g g1 ASTM A312 8

Type-304 ABW ABW ABW ABW None None No
med b H gh

_g
' *G2"W [2 ASTM A312

|jclung ; Type-318L ABW ABW ABW ABW None None 316L

ame Bt ASTM A312
*

Type-316L None None None None None None 316L Pipe | {
( e Std !

c'O * B2 ASTM A312 'I

Jarilah Type-304 None None None None None None No
'

I

pes 39 4
M Cl ASTM A312 ABW ABW ABW ABW Weld Clad SHT 312 Portion E312 and,,g , g

Type-304 312/308L Poor to E308L Clad ji a
P' # Butt Weld L

^

4 C High h 2
4 C2 ASTM A312 ABW ABW ABW ABW Weld Clad SHT 312 Porton E312 and 'A.~ -

Type-304 312/308L Prior to E308L Clad f3

Butt Weld I 6gg
,

,

'#* 8'e Dt ASTM A312 ABW ABW ABW ABW Clad E300L SHT Initial E308L Clad* Type-304 3/4 en. BBW N I
,

veM High '" |
=

y D2 ASTM A312 ABW ABW ABW ABW Clad E308L SHT Initial E308L Clad _

jedsgr Type-304 3/4-in. BBW Tf
a , y
i fI ASTM A312 ?

Type-304 ABW ABW ABW ABW None None No y'
Jo High N
4eg (2 ASTM A312 Y
q13 TWe 316L ABW ABW ABW ABW None None 316L Pipe GgW

__ ?

g ] *..M Muyw ae,. .,
*

* Nat Traatmon Ly - % e A%g g ^t,,

; , M bbstart Qagg
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WELDMENT 36A y
4-13.22 in. t33.68 cm) ; : : : : : : : 13.22 in.133.58 cm) % j

}

CAP PIECE 1 , PIECE 2 [ PIECE 3 PIECE 4 PIECE 5g g

Q; *

3G
WELD A WELD B WELD C WELD D WELD E WE LD F 0

WELDMENT 368 -

C

CAP PIECE 1 PIECE 2 PIECE 3 PIECE 4 PIECE 5 C4 $
D

A12 B1 B2 C1 C2 D1 D2 El E2 F1 n 36
E

END " PREPARATION" IDENTIFICATION t

36;
E'

Figure 26. Test Weldments for Third Full-Size Pipe Bend Test in CL-4 Test Facihty
3 61

B"

.

36'

B'

was instituted. Weldment 36A revealed ultrasonic test indications at weld heat affected zone E1' (the replacemert
following Phase i of the test), weldment 368 revealed ultrasonic test indications at weld heat affected zone E1' and als

C
indications in the corrosion resistant cladding weld heat affected zones D1 and D2. Metallurgical examination of
ultrasonic test indications is presentlyin 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
cladding weld heat affected zones of pipo 36A. All referonce Type-304 stainless steel weld heat affected zones have a,

or have indicated cracking (by ultrasonic testing). The corrosion resistant cladding welds have not cracked but ultrasonc 3
indications have been observed in the weld 368-D where Type-308L stainless steel cladding was used. These ind

E
have not been confirmed as cracks at this time. It Pould be noted, however,that this weld. 36B-D, was inside surface
following the cladding and butt weldng. The post-test metallographic results will be reported in future progress r y

E

3.1.5 Summary of Pipe Test Results

i
The laboratory pipe tests in the Large Environmental Fatigue Test Facility and CL-4 pipe test facility investiga!e: )

intergranular stress corrosion cracking behavior of Type-304 stainless steel and remedy methods at 288'C (550'F)in 8
oxyg en high purity water. High stress, high oxygen, high weld heat input, grinding, and cyclic loading conditions were
to accelerate cracking in the reference and remedy pipes. These pipe screening tests have provided the following resJE

(1) Type-304 stainless steel welded piping material can be failed in laboratory 4-in. (10.16-cm) schedule 80 i

tests routinely at stresses above the 289*C (550*F) yield strength. Both high- and low-heat-input welds,
and unground inside surfaces are susceptible to intergranular stress corrosion cracking in the d
affected zone. Post weld grinding is a severe accelerant to intergranular stress corrosion cracking 8'
material.

!

I

p
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Table 5.;
SUMMARY OF PHASE 11 RESULTS |

3

*e

| i I,

J Number
' ,) Heat of Cycles Exposure

d Affected to 136% Time Ultrasonic Liquid t t

Zone YS 550*F (hours) Test Penetrant Metallographic d;
tyw d,

a nr-r

81 292 2,683 No Indications No Data No Data '

) 82 292 2,683 Leaking Crack Crack IGSCC
NELD rj S ! j

C1 292 2,683 No Indications No Data No Data
'

;
'

' C2 292 2,683 No Indications No Data No Data

D1 292 2,683 No Indications No Data No Data h ,

W yA
'qD2 292 2,683 No Indications No Data No Data

D
% .;

P3 E1 100 1,380 Crack at 90* Crack IGSCC ]'
yA

E E2 100 1,380 No Indications No Indications No Data
-

6

., g4 E1' 192 703 Indications No Data No Data j

]g E2' 192 703 No Indications No Data No Data -

p--

ya B1 170 1,961 No Indications No Indications No Data I

g B2 170 1,961 Leaking Crack Crack IGSCCU
.

ya B1' 122 722 No Indications No Data No Data

f
.,

e B2' 122 722 No Indications No Data No Data+

xa C1 292 2,683 No Indications No Data No Data'#" ,,

d
C C2 292 2,683 No Indications No Data No Data

1inaton g
- t

#" 368 D1 292 2,683 Indications No Data No Data '.i
' "

D D2 292 2,683 Indications No Data No Data
have ca.

M E1 100 1,380 Crack 0 to 90" Crack No Data'

E E2 100 1,380 No Indications No Indications No Data i

I* M E1' 192 703 Cracklike Indication No Data No Data

I E2' 192 703 No Indications No Data No Data

W4C -intergranular stress corrosion cracking
% - yield strength . |'85 Y

MF)nt ;

s were f !,

'

ving FM

edh V .

selds?-
k.3 ed 7

acksig(

'

3-33 '

4.

'

_. _ .. . . _



r _- x- -- _ ru . ._ m
-- - = = - = - = - - - - -

-.

N EDC-21463-1

,

.N
_

'

(2) All of the remedios examined show an improvement in resistance to intergranular stress corrosion e

; relativo to that of Typo-304 stainless stool piping. Solution heat treatment following butt weldng

provido an immune remedy even when post-weld grinding is applied to the pipe inside surface. The 4
corrosion resistant cladding both as overlay and as inlay in laboratory pipe tests appears to greatly imprgn

j' intergranular stress corrosion cracking resistance of Type-304 stainless stnet. Further tes'.rn will be peri
4' i to quantify the imptovement. Heat sink welding appears to be a promising product improvement if applig
k absence of post-weld grinding. Post-weld grinding appears to seriously diminish the effectiveness of hog
h, wolding by eliminating the favorable residual stress state introduced by heat sink welding. The cast
, remedy has provided mixed results. Interdendritic stress corrosion cracking was observed in a cast pip,
|- heat affected zone where <5% ferrite existed. Further testing is required to identify the margin impr A

'

using this potential near-term remedy.
| W
!. (3) The alternato materials Types-316 and -316L stainless steel examined in these pipe tests to date have Y
;* very promising results. H owever, a more substantial data base is required before a performance improv

Ycan be clearly established.
C#

A summary of the pipe test results is provided in Tables 6 and 7 for the reference and remedy methods, comp
materials test by test. The results of the fourth Large Environmental Fatigue Test Facility test are not included since the
are presently being analyzed.

Two additional axial loaded pipe screening tests are planned to complete the series of screening tests prior to
inauguration of the statistical pipe test program. The pipe tests willinclude all the remedies and protection methods

in this section and will provido the basis for the selection of the remedies to be included in the statistical test progran op

3.2 Laboratory Specimen Tests

4 fp
3.2.1 Test Objective *

Laboratory test specimens have been prepared f rom the inside surface of butt welded 4-in. (10.16-cm) schedule
reference Type-304 stainless steel pipes and the potential remedy methods for degree of sensitization measureme ts g
intergranular stress corrosion tests. The degree of sensitization evaluation was performed by electrochemical potenti
backscan measurements, and intergranular stress corrosion cracking evaluation using constant load and constant ext g

| rate testing of the reference Type-304 stainless steel and the candidate remedies. These tests are designed to com g
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 candidato remedies. However, the main thrust of the scr eq, .

program has been full-size-pipe testing in order to generate the intergranular stress corrosion cracking information re aw

to select the piping candidate remedies for the statistical pipe test program. h
"

( The intergranular stress corrosion eracking laboratory specimen tests and the degree of sensitization tests peri >
to date are presented below, fs| w

3.2.2 Technical Summary of Laboratory Specimen Tests "*

l A
,,

i 3.2.2.1 Laboratory Specimen Intergranular Stress Corrosion Cracking Testa j the

I
' Samples, removed from the inside surface of 4-in. (10.16-cm) schedule 80 pipe weldments of the reference T %

stainless steel and candidato remedies are undergoing intergranular stress corrosion cracking evaluation in constart 's
and constant extension rate tests. Four pipe weldments are presently under investig ation. These include reference Tp4

- stainless steel butt welded to itself, heat sink welded Type-304 stainless steel welded to itself using inside surface * %
'

%cooling, cast CF8 butt welded to itself following a solution heat treatment of the CF8 spool pieces, and Type-304
.

Asteel butt welded to cast CF8 and then solution heat treated. Samples removed from the inside surface of these weld 8 #
undergoing test by both constant load and constant extension rate methods in 288'C (550'F) high purity water with 8 ,

| ) *]
j j
; 3-34 7
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nion Table 6 g

ng CYCLIC TENSION TEST SUMMARY IN LARGE |
ENVIRONMENTAL FATIGUE TEST FACILITY le. Tg

% '. i'

Ibe No. of No. of No. of |gjo,
'ap Heats Heats with Heat Affected Zones 5

g,ction
Evaluated Faltures Falled/ Tested Remarksssoly g

hecan f
:ast ppg- Large Environmental Fatigue Test Facility Test Tension Test
impg- a

3 2 5/8 Most cracks in ground region, |,-

jainness Steel two failures in machined region i

~,. - t

impr%r p S:asniess Steel + 1 0 0/3 Pipe heat failed in unprotected
.

conditionp Ras stant Cladding j

f0% 2 1 2/3 Intorgranular stress corrosion ,

incstt cracking in heat of CF8 with *

!<S% fernte.*

$ Failure at 175% of yield !
'

s priar k strength at test temperature [
dsd w t

'
st pro 90 .,,ya Sta:ntess Stool 1 0 0/2 Pipe heat failed in unprotected >

,1 w Heat Treatment condaion t

I

*,,.316 Stainioss Steel 1 0 0/2 No cracking even at 175% of
yield strength at test"

temperature j'

schedr
remet & therd Large Environmental Fatigue Test Facility Test

_

atentos- i

<nt exisq' tad 1 1 8/8 Post-weld grinding * i

% te. 334 Staintoss Steel
'

1 testry :

hes m % p.* 1 1 6/8 Post-weld grinding *
i. tion rey % gyp,.3 g4

4' W Steel !
.,-

_

t3 P* 5*v-'ar1*d 1 1 7/8 Machined surface
*** Xd Sta n! css Steel

% ** 1 1 1/8 Machined surface+

Amt Tg,. 304
( % s Srect
s

'' M *W 1 1 4/8 Pre-weld grinding
nsta% *e.yx 5.an:ess Steel
.e TM
''I# ^

1 0 0/8 Pre-weld grinding
M s# % S=*fg . 334 j
ew *% s,.e.

,

enSV
. .'* % ;

% *"5m ** % to iniro&c. wgo i.nsu r *w .v . e,u. =tr. inns m. t.n.ias rosa >w .u.si .nocts o' %e uno |
:, . ;
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i Table 7 . :
'

7 4
CYCLIC BEND TEST SUMMARY #b#3IN CL-4 TEST FACIUTY Y pay sty'

as #
Material /or No. of No. of No. of

4
Protection Heats Heats with Heat Affected Zones

Method Evaluated Failures Failed / Tested Remarks h- T

F.

', e,,ced y~'
A. First Three-Point Bend Test

csrst8"f2 1 4/8 Both ground and unground
Unprotected failed 1..

Type 304 Stainless Steel M g,wgr<

B. First Four-Point Bend Test T oa W.

Unprotected 3 2 5/12 Only ground heat affected -
zones showed cracWng g<

Type-304 Stainless Steel pe

j
C. Second Four Point Bend Test - ,

Unprotected 2 0 0/2 No post-test examination pw.'
formed to date; 3800 hours on u.2.:

Type-304 Stainless Steel test G

s
4 0 0/6 No post-test examination pg.* y ew

Type-308 + Solution formed to date; 3800 hours ei g
Heat Treatment test 9I

mf5

CF8 3 0 0/6 No post-test examination pe.,
formed to date; 3800 hours on

test is-p

t Dei

Corrosion Resistant Ctadding 2 0 0/4 No post-test examination per.'
formed to date; 3800 hours os'

7 se <ttest
#

CF3 1 0 0/2 No post-test examination per.? res

formed to date; 3800 hours ce
atest

P
3d

|

D. Third Four-Point Bend Test car

2 2 4/4 Both ground and unground wC
Unprotected failed

'

Type-304 Stainless Steel
3

Corrosion Resistant Cladding 1 0 0/4 After 2600 hours on test
,

Small uttrasonic test indcam*/4*

in one heat. Dye penetrant dCorrosion Resistant Cladding 2

metallography not yet peM
3r; .,

*

Type-316L Stainless Steel 1 0 0/4 After 2600 hours on test

* PostM gondng ts known to mtroduce large tense rewdual stesans thus neutraleng the beno6caf resid. sal stress e scts of heat #
a

.

b
3-36
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l d d i t d in Table 8.The 304/304 |

poseed M'n.The results of the cons * ant oa an constant extens on rate tes s are presenteave not failed after cons. tant load testing Ior > 6200 hours, nor did the constant extension rate sample reveal
'- t:

'
-

s {
98Nar stress corrosion cractng susceptibility. It is not surprising, therefore, that the inside surface cooled' su f#-i" ~

r *

N
the same heat of Type-304 stainless steel are exhibiting identical behavior, This pipe heat, containingt ,.y 8 ,

[ asT''' g.2. residual ferrito, has been particularly resistant to intergranutar stress corrosion cracking in tests (see
N

5 for details).
'$trks
'

ps have been experienced with the CF8 material (heat 98695) used in this investigation. One of two samples f
Y

tant load in the annealed and welded condition failed by transgranular stress corrosion cracking, while the*

2 es8""8 D on rate sample failed by intergranular stress corrosion cracking.

h% M
y.o of the samples which were annealed after welding f ailed in the constant load tests (one ductilely and one byN
A stress corrosion cracking); both samples failed in the CF8 side of the 304/CF8 weld joint. The constant i*

'* 4
# rate sample also failed in the CF8 portion, and the fracture was by ductile rupture.

! :

Cffectog / The CF8 used in these tests contsned 11 to 15% ferrite, and, based on previous experience with high ferrite castings,
acking d nce be susceptible to stress corrosion cracking. However, metallographic examination indicates that the ferrite .

4' .n-a,e are completely decorated with precipitates (presently unident:fied) which provide continuous paths for crack |
!

g p assuming the precipitates are carbidos and/or sigma phase. Further study of the intergranular stress corrosion
'

i

4 gnag a under way.
iinateng

i,

40 1,sboratory Degree of Sensitization Tests |
<f=%

N A pogram has been implemented to evaluate the degree of sensitization in large-diameter pipe weldments produced f'
lination pd y p andoratory specimen heat sink welding study. Initially, the 10-in. (25.4-cm) schedule 80 Type-304 stainless steel pipe i

00 ps have been received for evaluation. The weldments are identified as follows: (1) TW-4, reference manual weld, [
] y *.at input; (2) TW-13, reference automatic weld, high heat input; and (3) TW-15, manual weld, water spray inside p

M We cooled, high heat input. [
enation ps j

00 houre 5, amp;es have been prepared and submitted for mechanical property determination of the weldments at both room j

i .s, es,su e and 288'C. Samples have also been prepared for stress corrosion testing; the constant load tests have begun. ,

3r %. acr.: ara extension rate tests will be performed soon.J

;
00 hows Decirochemical degree of sensitization measurements are in progress;the results to date are given in Table 9. The

2 sew +d p;pe used in weld TW-4 is slightly sensitized [Pa 3 0.010 C/cm2 (0.025 C/in.') considered sensitized), but

i =*eny not to the extent indicating grossly improper heat treatment. The maximum * degree of sensitization occurs about 50 i

.naton po ese gt 27 mm) from the weld fusion line, and is greatest for TW-13, followed by TW-4, and then the spray cooled TW-15.
4

30 hcus

[M
Ad$t>onallaboratory specimen tests evaluating the intergranular stress corrosion cracking behavior of reference

'

.

*** Xhe sta.nless steel and pot ential remedies under chemical and electrochemical potential control are presented in Task
j I # t'*e report These tests willidentify regions of possible susceptibility of the remedies tointegranular stress corrosion
W mq n near boiling water reactor environments if such regions in fact exist. .

V0d .
da
%
$

1 test p

. |
*

e i
et |_

._

' T L'"(5 9 cAn ') value shown in Tabie 9 for TW-13 at the fuseon in. is an artifact. as this sarnp!.contairi.d portions of th. m.id deposit,the ferrtt.

% ~ . ..,s .s _su.wh ... .s en, th. .~.,~.n- r.--.tman t..

a ,

.ar sa *# j
;y :
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t- Table 8
,

|j STATUS OF INTERGRANULAR STRESS CORROSIONi
CRACKING TESTING OF PIPE REMEDY SPECIMENS m

A. Constant Load Tests ';

'

! Specimen Test Stress, Failure
Weldment Condition ksl (MPa) Time (h) Ductile IGSCC TGSCC -

Type-304 Stainless ",'
Steel to itself As Welded 40 (276) 6198 (NF)

Type-314 Sttniess a
Steel to itself As Welded 40 (276) t 328 (NF) {
Type-304 Sta.nless '
Steet to itself Heat Sink Welded 40 (276) 6217 (NF)

Type-304 Stainless
Steel to itself Heat Sink Welded 40 (276) 5980 (NF)

~

CF8 Stainless Annealed and
Steel to itself Welded 35 (241) 6098 (NF)

CF8 Stainless Annea!ed and
Steel to itself Welded 35 (241) 469 X

Type-304 Stainless
Steel to CF8 Welded then
Stainless Steel Annealed 40 (276) 372 X

Type-304 Stainless
Steet 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 Failure Reduction of
Weidment Condition ksi (MPa) Time (h) Area (%) Fracture Mode

Type-304 Stainless
Steel to itself As Welded 66.7 (460) 124 33.3 Ductile

Type-304 Stainless
Steet to itself Heat Sink Welded 65 (448) 107'- 25.0 Ductile

CF8 Stainless Anneated and
Steel to itself Welded 47 (324) 71 26.4 IGSCC

Type-304 Stainless
Steel to CF8 Welded then
Stainless Steel Anneated 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 i j
DEGREE OF SENSITIZATION MEASUREMENTS IN TEST WELDS DETERMINED

'

j'

ELECTROCHEMICALLY IN 0.5 M H,SO. + 0.01 M KSCN AT 30^C (86"F) .i
-,,

GSCC - Distance from Weld Fusion Line, Weldment 6

mils (mm) TW-13 TW-4 TW-15 I.--

i:.

0 0.851* 0.091 0.119 ||,

50 (1.27) 0.532 0.270 0.108 |

100 (2.54) 0.170 0.057 0.034 "

As Received 0 009 - -

]
1
1

'Urvts are C/cm'

I

|

1

I.

<
'

i
1

1
1

p-

,

}

U

t
t

!-

!,

'i
;|
t
'

i,

M*
1

||

ti

i

'
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TASK 2 - STATISTICAL PIPE TESTS - RESULTS AND DISCUSSION i4.
.) 3

j a
l

ODUCTION AND TASK OBJECTIVES ji"
'

4
gical approach is a requireme it for analysis of stress corrosion cracking data for a number of reasons. First,if

"

and in:ra-beat variability in the material being investigated must be recognized and accounted for. Variability in. - ew
cticas between different specimens, and variability in testing procedures must be accounted for. Variability in

j

mechanism under investigation must also be recognized and accounted for. Second, since some claim as to
i

d f*

,nent in stress corrosion cracking resistance will be r'1ade as a result of the investigation, an objective, rigorous
.

( 8*

laim must be made and statistics is the only tool for making such a test. Third,in order to avoid excessively long1 '"

accelerated test conditions are equired. However, even under these circumstances, a simple telative demonstra-8'''g
gwfecant d.fference in behavior may involve very long test times. Statistics offers a means of further shortening thee #

~*'g test time on a rational basis.J
h d ASSUMPTIONS .

IN
Onty one assumption is involved in the statistical approach to be used for the demonstration of animprovement in|y

p cortosion cracking resistance of the desired magnitude. That cssumption is that the effect in reducing specimen life of
,

y geeierating factors chosen for these tests is proportional at alllevels of all factors for both the reference material and thef(
} p.,nste, as illustrated by curve A compared to curve 304 in Figure 27. Those two curves identify time to first failure of an

,u,m:e and of Type-304 stainless steel as the levels of various accelerants are made more severe. It is recognized that this
!y

j
|g. anal reduction in life assumption may not be exactly correct, and that either of two other relationships may exist, as9

m.ewn in Figure 27. lf the effect of one or more accelerating factors is less for the alternate than for the reference material
un ne snuation illustrated by curve B in Figure 27 would exist. The result of this would be that any predictions made

,

qardng the alternate under service conditions would be non-conservative; that is, the alternate would not perform as well
3
;

.es predicted from the accelerated test. However,if the effect of one or more of the accelerating factors is greater for thef
,swrmte than for the reference material, then a situation illustrated by curve C in Figure 27 would exist. In this situation, the

,

,e.rute would perform better in service than predicted from accelerated tests. It is difficult to imagine a mechanism by!
.Acn the srtuation represented by curve B might exist within the same class of materials, and the probability of its occurrence

|e Peretoro considered to be insignificant. Since the situation represented by curve C results in conservative predictions,its
sururrence does not cause an error in the wrong direction and it can be ignored for the purposes of this test program.

f
,

aJ CRITERIA
'

Two criteria must be defined for the purposes of this investigation. The first is the enterion of a failure in the testing!
rya n. and the second is the criterion for acceptable improvement. For the purposes of this investigation, the critorion for
inue n,Il be complete severance of small specimens or a through-wallleaking crack in full-size pipe specimens The4 ,

crtanon for acceptable improvement will be a factor of at least 20, at the 90% confidence level.
.

The selection of the criterion of failure was based en simple expediency;it is much easier to detect the two events
4

tWe than any others associated with stress corrosion cracking and their occurrence do
es not involve any interpretation

8" he part of an inspector or operator. The basis for the selection of a factor of 20 improvement was the median time to first
,

~ %re for welded Type-304 stainless steelin boiling water reactor service among plants as of 1974 (approximately 5 y
a% an increase by a factor of only about 8 would appear to be adequate to meet the requirements of a 40ears).w

e ta lures would still be anticipated in service. It was therofore decided 1o build conservatism into the alternate material b
-year design hfe,

%'n3 that it exhibit at least a factor of 20 improvement in time to first failure in resistance to intergranular stress coy
sa: ng rrosion

{44
TEST DESCRIPTION l

Testing will consist of stressing welded 4-in.-diameter pipes in a cyclic tension mode with the environment of inte
* ?* mside of the pipe. Each pipe s3gment will contain 12 welds, and 11 pipe segments will be tested. Three different heatsrest i

,

!4-I
b

i
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Figure 27. Possoble Effect of Accelerants on Type-304 Stainless Stool and on an Afternato in Test and in Servici

of each matonal of interest, or process, will be used in the evaluation in order to generate representativo data. Th
; ,

accelerants will be dissolved oxygon and stress. The test matnx will includo reference Type-304 stainless steel pipe e' '

and the three most promising candidato remedios determined from the screening tests. . }
I

! I4.5 TEST DURATION a

The duration of the tests necessary to demonstrate some chosen factor improvement is a function of the followet
|

variables: the mean timo to failure of the reference material; tho variability in time to f ailure among reference welds;sw
j

(among attornato material welds) the number of reference welds lostod, the number of alternate wolds tested, and 9e'

desired factor imptovement. If the mean timo to failuro for the materials was to be used as a test of the critenon of adequaq
very long testing times would be involved. For examplo,if the mean time to failuro for welded Type-304 stainless stent won
3 months,it would be necessary to tost the afternate for more than 60 months in order to demonstrate an improvemord Cf 8
factor of 20. It is possible, however, to greatly reduce the test timo required for the demonstration by using time to first fa4M
as the basis for comparison by using mean tog timo to failures of Typo-304 stainless steel and time to first failure of W,

alternato.

Test duration of afternato materials will be set so that if no f ailures have occurred by a certain time, relative to the mew

f log timo to failuro of the Typo-304 stainless steel specimens, the alternato material will be considered qualified. It is red
that tho timo to first failuro of the alternate be at least a factor of 20 times the time to first failure of the Type-304 stainless $ 841

'

But the timo to first f ailure of the Type-304 stainless steel can be estimated with least error (smallest variance) by using W

mean log timo to failure, assuming that the variance among individuals is the historicalvarianco for such testing of coM
among specimens and heats, and just confirming that the variance observed in this test does not diff er significantly from f4

| value, at the 5% level. It will be assumod that the variance of log time to fail of the alternate would not be greater thadd
!

assumed for Type-304 stainless stool; this assumption governs the varianco of the time to first failure of the attorW

42?
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[ The waiting time is then found as the observed mean log time to fail of theType-304 stainless steel. less the differencel h j
'

o N 'pected time to first failure of a log-normal distobution having the assumed variance and of sample size equa to t e8 ,ffgfnate matorial specimens, plus the log of factor improvement, to arrive at the minimum acceptable expected0% |% ,
g

h lt t To this is added an allowance for variability, the product of the normal distribution

tr"* " g failure of t e a erna e.and standard deviation, and the variance of the first failure of the alternate. The last depends on the assumption| 0
,

r
/ anance of the afternato distribution of log time to failure should not be greater than that assumed for Type-304

*

| q
rd N I

ps steela

pte that the only use of a mean log to failure is for the Type-304 stainless steel in test. Its variance depends on all9
J u stainless steel specimens failing;if needed due to non-failure of a few Type-304 stainless steel specimens, new

pc4 technology now being developed may be available in time to permit suitable estimates of the mean for Type-304
,

M ,;
steel, and its variance, even with a few unfailed specimens.):

f The vanance of the distnbution of log time to failures for small specimens of Type-304 stainless steel is known from
.

3 test data, and can be used as the variance of welded pipe specimens for the purpose of planning the required test |a
The corresponding observed variance in tests of Type-304 stainless steel will be compared to the value assumed in a |t'

i
j put test of significance, and if not found significantly different the planned times will be used. Otherwise, the planned

t

% g .3 to adjusted. Using the variability in previous tests, Figure 28 was drawn to f acihtate test planning in terms of factor,
'

ient, numbers of specimens, and minimum required waiting time. This figure will be updated and adjusted to reflectiC

, g.c9e in the standard deviation of the reference mean,if necessary, as the reference Type-304 stainless steel pipe j
4
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ANALYSIS OF CONSTRAINT NEAR PIPE WELDS - COMPARISON AMONG DIFFERENT DIAMETER4.6

S
4.6.1 Introduction .g

'
s

! The General Electric Pipe Task Force report' presented discussion and experimental results showing that
defor mation of Type-304 stainless steel noar pipe welds is aff ected by the weld geometry and the neighboring higher
Type-308 stainless steel weld metal. This phenomenon has been cal:ed elastic constraint. The constraint effect
plastic flow is significant to the pipe cracking problem in that some plastic behavior is believed to be required for|-

corrosion cracking and constraint is believed to be a function of pipe size. 0,t

$
4.6.2 Test Objective r

The objective of this task is to quantify the degree of clastic constraint on the pipe inside surf ace near butt wel
(10.16-cm) and 26-in. (66 cm) diameter Type-304 stainless steel p; pes. The approach currently being pursued tog
this behavior is to develop elastic-plastic finite elements models of the weld joints. $

2

The ANSYS computer program is being used to perform the finite element analysis. The grid arrangements for h
pipe weld joint models are shown in Figures 29 and 30. The axisymmetric constant strain element STIF2 is being g
preliminary calculations. Axial tensile loads are distributed along the end of the pipe away from the wefd joirt 4
increased in steps until the applied nominal stress exceeds twice the yield strength of the pipe material. Material prq
are chosen to be typical of Type-304 stainless steel pipe and Type-308 stainless steel weld metal at operating tempeg

,,

(288'C).
.

4.6.3 Technical Summary of Constraint Modeling

Preliminary results from the 4-in. (10.16-cm) diameter pipe model (strain near the weld on the inside anda
distance from the weld on the outside) did not agree with room temperature pipe test results obta;ned earlier ' Consegg
before proceed ng with the analysis of the larger pipe, a number of modeling changes were made. These inde
lengthening the model, using a higher order finite element (STIF42) and applied displacement Iather than load at the freu
of the pipe. A model of a simple tensite specimen was made to evaluate the adequacy of the STIF42 element and Me
solution techniques for large plastic solutions.

,

Incorporation of all these modeling changes had little effect on the fmite element local strain predictions. Preda
strains near the wold on the inside of a pipe continue to be much higher than measured (at four locations)in the e
temperature pipe test. For the model, these strains are due in large part to local bending near the weld.

Possible causes for the discrepancy between model and test include (1) the actual joint has deformed due to welp
(weld shrinkage) and its geometry is not as modeled, (2) material properties in the werd heat affected zone are rt
modeled, and/or (3) residual stress (not included in the model) may play a bigger role in the plastic deformation near ad
joints than expected.

Recently the finite element model has been refined to include residual stress. This was accomplished introM
fictitious displacement of some elements as an initial condition. Preliminary results with this model variation show that red
residual stress affects the strain distribution at low loads. But, as the structure yields, the effect of residual stress o #
washed out.

Currently, the model geometry is being modified to more closely represent real wolds such as the one shown in Fe tI
s

Weld heat affected zone mechanical properties are also being measured. If they are shown to be significantly differe#
the wrought pipe, the model will be changed accordingly.

In addition to modeling modifications, additional tests of full-size 10.16-cm (4-in.) and 66-cm (26-in.) diameter PP
are planned. A 10.16-cm (4 .n.) schedule 80 weld pipe will again be strain gaged and pulled in axial tension. A cor#
pipe will be sectioned, strain gaged, and pul!cd to determine whether results f rom a section are representative of the b#
of afullpipe,if asectiontestisshowntobe meaningful,asimilarsectionof a66-cm(26-in.)diameterpipewillbetested@
of size on constraint), plus an anneated section(effect of residual stress) and a mod;fied section (eff ect of local geomSid
10.16-cm (4-in.) diameter pipe will be tested.

4-4
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qY TASK 3 - ELECTROCHEMICAL MEASUREMENTS - RESULTS AND DISCUSSION | a

Md |?
.

i

R, .' gTRoDOCTION AND TASK OBJECTIVESw
;4 $8,

@ y stress corrosion to occur a combnation of stress, speci'ic alloy metallurgical condition, and oxidizing poterdiatT ';
f # simuttaneously. It is possible to at'ect the cracking phenobenon by a system change that afters any of thoset[ cJ
M n the present task an aacmpt is made to quantify thu boiling water resctor system with respect to thei

{. #
wcal.cnvironmentalinteractions that determine the oxidizsg and corrosion potentals. The measured system9 eM
tentials will then be correlated to the intergranubt stress corrosion cracking of welded Type-304 stainless steel.

j'#

,tj *M conosion and oxidation potentimsja actual and simaated boiling water reactor systems wul tw measured. In '

potential kinetic curvos will be determined n con! rolled environments that simulate the various operational$ *#
Es of a boiting water reacter system. Finally, the limiting potential for initiation and pro;agatic n of intergranular stressi cracking will be detennited in o x-reactor experirnc nts and related to reactor operaton. The correlat;on with reactor

^ i

] ,
#

n include environm.cntallactars from cold-standby to fui! power operation. Emanating trom u.cse stu6es will be ay i

!
--Q mn between laboratory tests. and reactor experience wtSch will add to the understanding of the intergranular stress

r.

g f cracking of stainless steel piping systems.3
<w ,

bI
u TECHNICAL SUMMARY OF ELECTROCHEMICAL ME%SUREMENTS

.

E
_

} in-Reactor Experiments at Vermont Yankeegi
I

'

A cr tical part of this program is to obtain oxidation and corrosion potentials in operating boiling water reactors. Theq
mty potentials will than be related to potentials obtained in simulated boiling water reactor environments in toe[ .yy The correlation of in- arid ex reactor potentials will allew the proper interpretation and design of laboratory[ g ments. The first in-remfor measurements were obtained in the "A" bypass line of the Dresden-2 Nuclear Power

[ g c and are reported in the General Electric Pipe Task Force report.' In order to increase the data base and to follow tha
. s

$ gr,,p transient with chemical analysos ci reactor O,, H,0,, pH, and conductivity. an electrocheinical test facility was
o .+n Vermont Yankee Nuclear Power Plart The chemical analyses of the water were performed by Nuclear Water and

g

.we Technology. Figure 32 shns a diagram of the electrochemico test facility in Vermont Yankee. The test facility } l4
'

u c , consists of a 1-liter stainters steel autoclave with four ports that contain specimen and reference electrodes Thet ,.

.

ov en electrodes used were Type-304 mill-annealed stainless stee: and platinum. Two silver / silver chlonde electrodes |.

,
''

I ,o aed for the references. Bottom penetrations in the autoclave were p*ovided for continuous monitoring of temperature ,

1

mw The temperature was measured with a chromel-alumel thermoenuple and flow was determined from the output of a4,
Ntial pressure transmitter. The autociave with a reference and wnrking electrode is shown in Figure 33. During

,

;

s < r on. water from the "A" resculation line is pumped to the reactor water cleanup sysfam by the A and B reactor water N*!e a mp pumps. A bypass installed across the cleanup pump delivered watar to the autoclave at a rate of about 5 gpm If
=pM the bypass containing the autoclave can be isolated from the cleanup system by valves. The potentials, tempera- )- .

0
in a nd flow rate were monitored remotely. Coa osion and oxidation potentials were monitored by a multi-station corrosion

t

g ve< > recorder. Temperature and flow were monitored continuously with a dual-channel recorder.
y

4 f
The potentials at Vermont Yankee were monitored from cold startup to ful) *.omperature operation. All potentials havef %

-3.,

*' #c%erted to the standard hydrogen scale at all temperatures. After August 7,1976, the monitonng station was set on( gC' F de control. An operating procedure was wntten and Vermont Yankee personnelare pro idv ing coverage for the facilityj W Fodically send the raw data to General Electoc.
4 , ,

Fgures 34 and 35 graphically present the corrosion and oxidation potentials and coincident temperatures up to| h
'

jy; C 11.1976. At lower temperatures donng cold standby the potentials were quite positive. The positive potentials reflect
- 4!>ons of oxygen saturated wat?r with some hydrogen peroxide. Generally, as the temperature decreases the

''** C Cll mcrease. Thus, as the temperature dropped during the August 4 to August 5 period, positive spilies in the[.*
-

# ''N ct platinum and stainless steel were observed The greater increas
^ j

. e of the stainless steel electrode potential can
i be explained by the greater sensitivity that stainless steel exhibits to H,O,. Presumably as the temperature

hp-"M

"W H,0, conceniration would increase. In ex-reactor experiments it has been shown that stainless steelresponds toi
M 'n H,0, concentration far more than does platinum. k#
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During heatup, as control rods are withdrawn from the reactor, a decrease of potential with increasing teh y@
w as observed. A controlled degassing period at about the boihng point was conducted on August 6.1976. During t%

the potential decteased by 0.150 to 0 230 volt on the stainless steel electrode and about 0.100 volt on the platinum
' Fi

These decreases correspond to the drop in both oxygen and hydrogen peroxide as monitored by Nuclear Water andggential
Technology personnel. The stainless steel electrode responded to both O, and H,0, changes, while the platinurn pr , pet
responded to changes mainly in O, concentration. Normally at constant temperature a constant potential would be e ginealeb
However,the removal of the oxidizing agents lowers the potentials which should have a favorable effect on plant c'W Ho

% gposson
After the degassing penod the potentials rose slightly even though the temperature increased. The slight r prenc<

probably caused by the increased concentration of oxygen and hydrogen peroxide as recorded by Nuclear Water and g
A^Technology. The continuous decrease in potential with increasing temperature was observed until a temperature ogg

256'C (493"F) was achieved. At this point an increase in potential was measured which persisted several hours (frorn g g sens|
2100 to 0200, August 6 to August 7). This rise in potential was coincident with a decrease in the pH of the reactor wa'w4 A lo*el
dectease in pH was caused by decomposition of ion exchange resins which had been dropped into the reactor vesselk pean
shutdown. For this reason and because conductivity also rose, the reactor temperature was lowered to 215*C (42% wmont
the reactor water cleanup system was run at maximum duty. During the cleanup period the pH and conductivity retg
acceptable values. In addition, the oxygen concentration dropped due to decrease in radiolysis with temperature. Ng
the potential will rise with decreasing temperature; however, the decreasing oxygen and increasing pH mere g
compensated for the temperature effect and the potentials dropped. All of these chemical variations were meastre
Nuclear Water and Waste Technology and coincided with the potential behavior. A second large posi' ve spike was reg

after the heatur genod was re-initiated. The potential of the stainless steel electrode rose to almost + 01 volt vag
standard hydrogen electrode at 276*C (530^F) From previous studies it has been found that potentials above 0 vM
cause cracking of highly stressed sensitized Type-304 stainless steel. Coincident with the first positive spike of stg
steel at 256*C (493'F) and the second spike at 276"C (530 F), similar increases in potential were observed on the plasy
electrode. How ever, the magnitude of the potential changes of the platinum was much less. It is postulated that the plasi,
electrode is more sensitive to hydrogen than the stainless steel and during the chemistry transient, the hydrogen concee, Hei

tion rose. At constant pH, increases in H, concentration in a hydrogen sensitive electrode result in a decrease in paeg
Thus, on platinum the increase of potential caused by the decrease in pH was partly compensated by the increw
hydrogen which reduced the magnitude of the posit:ve spike.

6

After the reactor chemistry returned to normal a steady-state potential of about -0.15 to -0.13 volt stne
-

M
hydrogen scale was measured on the stainless steel and platinum electrode. C

At the present time temperature, flow, corrosion and oxidation potentials are being continuously recordeU
continue to obtain mean;ngful data all the e:ectrodes descobed will be removed from the autoclave and new elects .%

* * we ai,

installed 1 * ua _ mi
f 85 - o
!

5.2.2 Ex-Fleactor Electrochemical Measurements u_w
cu-c

initial ex reactor electrochemical stud.es performed in a recirculating water autoclave facility have yieldeN
" ' * "

oxidizing and corrosion potentials of stainless steel as affected by temperatore, oxygen, and hydrogen peroxide k!

polarization studies have shown active-passive behavior in water at 274 'C (525=F) and a d.fference in polarization be*124 Ei
between an initially filmed surface and a surface which has had its film altered by subsequent anodic polanzat. ort _

Electrochemical measurements were performed inside a Type 316 sta:nless steel autoclave using an A; NI A-

b 304
reference electrode tilled with 0 C1 M kcl. The electrode was of Teflon construction and conta:ned a silver wire and al#h on
silver chlonde plug A ligard-to-liquid junction was accomplished by an asbestos sinng encased in shnnkable Te@

'Cc % te

Conosion potentials of Type-304 stainless steelin high punty water w ere monitored from 66 to 288 C (150 toS56**'*r od e

Wm
was observed that these potentials increased with sensitizatron, dissolved oxygen, and hydrogen peroxide, and decr#Dm
with increased temperature.

56

-
.
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I ' EffeCg of Heat Treatment and Temperature

rigure 36 and Table 10 give the data developed on the effect of heat treatment and temperature on the corrosion |'

of stainless steelin air saturated water. Except for the single case for the as-cast CF3A condition at 66 C (150"F), f.P ns given a furnace sensitization f.eatment had higher corrosion potentials than material with a single treatment (mill,

#g solution annealed, or as ca st). At present the reason for the apparent increase in potential with sensitization is not
ever, the data in Figure 37 and Table 10 were developed during different runs and the apparent differences in j#'; d

g Potential might be due to experimental error. Further testing must be performed to determine whether these '
!

Mes are significant.s
1

i

' A a low er oxygen content (0.1 - 0.2 ppm) the difference in the corrosion potential between treatments (mill annealed
pred) was much less (Figure 37). This was especially true at the higher temperatures. In tests of both high (9 ppm) i

g g we (0.1 - 0.2 ppm) oxygen levels, Figures 36 and 37, respectively, the effect of increased temperature was to |

4 m3*"5' the corrosion potential. This is in agreement with previous in-reactor measurements made at Dresden and
w Yankee boiling water reactors.4 e

- Table 10 !

THE EFFECT OF HEAT TREATMENT ON THE CORROSION POTENTIALS OF !
-

TYPE-304 STAINLESS STEEL IN AIR SATURATED HIGH PURITY WATER * i

li

|'A Open Circuit Corrosion Potential *
|

2 (mV, Standard Hydrogen Electrode) !

|\
l166'C 121*C 178"C 232*C 288'C i!*

..
Heat Treatment" (150 F) (250 F) (350"F) (450"F) (550 F)

,;
,

y

-#'
4

.

MA 120 158 147 79 +2 |IF MA+FS 188 201 188 113 69 i.

.h 5A 120 114 157 100 - 90 | m~

SA 4 FS 129 d d d d ,

*

Cast 311 159 118 - - 120 i

Cast + FS 171 205 191 107 63 !
<

|
.

i , 'M-
* .'; W 10 to 13 mogohm<m neutral pH. O, = 9 mm

@ * **=** wwwed after 1 hour at temperature |
: yTES e. . .wed m+

** - b a e sensstaation treatment of 40 hours at 621*C (11s07). then air cooled | hh - maann anneaied 1/2 hour at 106s*C (19 sot), then water quenched
*== - eauf CF3 stainiess stoet

{ ; r-

," W 'i, $ _. {

<l D.[
, j - .c

wt eq
q e,

eL Oa tnoct of Hydrogen Peroxide | b!
*

ji
[ $

4 atahnvestigation into the etfect of hydrogen peroxide was performed at 66'C (150' F) in air saturated water using [h1',

** M s!A n:ess steel and platinum specimens. As indicated in Figure 38, the addition of 10 ppm H,0, increased the yl.
'

$ *" Wential of stainless steel approximately 225 mV and lowered the corrosion potential of platinum 94 mV. The *O ' lt-

%* %nse of the two materials to the add;tional hydrogen peroxide is probably due to platinum acting as an oxygen
~d j

[, 7 i
'

"* *M staintess steel acting as a peroxide e!ectrode. With high levels of dissolved oxygen the potential of both- _ . _

*N 5:a.niess steel will be high. The platinum potentialis higher than the stainless steel (time =- Oin Figure 38) since h)i*1%
,

t,
%.es more as a reversible oxygen electrode according to the reactionM

%e 9;
/3 O, + 4 H ' + 4 e - 2 H,0 E = 1.23 volts. W,e
,,

a

g
:' \

,''

S-7 '
% 4

, s,
J-

i t
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~

(A-%

N EDC-21463-1

$h
,y >

m .
m ig ,

j 300 -- !

@ \ p , .

50

b 250 - \ - 3
' *

\ ,'- ' iw

g a ;y I.

MA$ 200 h*"
^

- N A ai !g Y- ;
1

..

!
s0 150 %-

-
'

}'g| 0
1m -

_/^.% - u- ---
_,

N N ; S smg .

|N N 0 |
z

s

50 - l- d MILL ANNEALED +

$ i i MILL ANNEALED + F.S.* \ g _

h.0 - F .-4 SOLUTION ANNE ALED 1/2 h AT 1065 CM.O. N *
200\ '

.g ;

> O.-..C SOLUTION ANNEALED + F. S.* \ ;
y g- -.4 AS CAST CF-3A \ ,-50 -

O--4 AS CAST CF-3A + F. S *3
,

{ * SENSITIZATION TREATMENT OF 40 h
~

gg,z -100 - AT 621 C (11500F). AIR COOLED
TEMPER ATURE (OF) \., f

150 250 350 450 F
~150 I I I f f I I I g.. ;

50 100 150 200 250 ] _ E
TEMPERATURE ( C) -

Figure 36. The Effectof Heat Treatmenton the Corrosion Potentialof Type-304 Stainless Stectin Air SaturatedHrgh
|

Water 2
Igre 38.;

n400g y
Q

O ( #
j

l. b 300 - N "

.N reduQ g%,N axording
.2

><<=
.m

5 200 -

N 1;o
8 .N s'

$
@

~
?** H,0, o+

# eceasing .
g e w omer

g 0 -

g.
' @ ,r'res

,

Z

=
.m

b MM MILL ANNEALEDP c -100 -

M MILL ANNEALED + F. S.* 'W e :n,s r

.

|
W

> g-. 4 SOL. ANN EA LED + F. S.* I*= c fectsa;

5
-200 -

* SENSITIVITY TREATMENT * **C (200j OF 40h AT 6210C (11500FL %
C AIR COOLED
z TEMPER ATURE (OF)
N 658 - * 5 Effen-300 150 250 350 450

|I f f |

p The n50 100 150 200 250 wg
TEMPE RATURE (OC) - ***"thei

figure 37. The Ettect of Heat Treatment on the Corrosion Potentials of Type-304 Stainless Steelin High Punty WW
0.1-0 2 ppm Dissolved Oxygen '

S3 ,(
q
4

N.



- _ _ - _ _ _ _ _ _ _ - _ _ _ _ - _ _ _ - _ - _ _ _ _ _ _ _ _ _ - _ _ - - - - ----- -_

_ _ myA
_

f_=
+n

ig.: *
;

N fJE DC 21463-1 I'
'

!

$
d lxj-

t

( t

500
~

g ', PLATINUM I

'D k |lM- '!. . ,

:h W.y *'e , 400
'

m .. - -
|

,

f - I'

300
~

y t
's d l'

M ~

.
TYPE 304 STAINLESS STEEL

4,.3

4 :
d I t00 -

dI;

10 ppm H 0 ADDED TO MAKE-UP TANK22-
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f

f y 38 Ettect of Hydrogen Peroxide on Oxidation and Corrosion Potentialot Platinum and Type-304 Stainless Steelin
'

Aerated Water
:t

>

M'g-

..

<p.
:A' ' " *w vbet on of oxygen to water does not occur directly as shown above but proceeds by a kinetic intermediate, H,O,,
y ec og to the reaction

,

y |
O, + 2H ' + 2e --+ 2H O, E. = 0.68 volt. |, .

*
2

M '* " 0, wbsequently disproportionates to water an d oxygen. Since the intermediate reaction occurs at a lower potential. ([,

4 t- M the concentration of the kinetic intermediate (H,O,) will lower the potential of the platinum / oxygen electrode. On L[ b **r hand. the potential of stainless steel does not . pproach reversibility as an oxygen electrode, and in the presence of | h
,

,,

SA e reponded as a peroxide electrode according to the reaction
f, g*

g P

M H O, t 2H' + 2e - 2H,0 E = 1.77 volts. ! Af2

g
j.;'

* *** '* 3: ton occurs at an extremely high potential, the potential of the stainless steel electrode increased significantly. |.
M. ' *b C' hydrogen peroxide were realized only at 66*C (150'F) and for a short time (<4 hours) at 94*C (200*F). Holding I! M
;[ W f eventually decomposed the H,0, and the corrosion potentials of stainless steel and platinum approached

{
I

9 a va:ues.t *-

Q ' I c
c;u to

"*d of Dissolved Oxygen P w
g[]

'

.

%$ '"'St of dissolved oxygen content on the corrosion potential of mill-annealed Type-304 stainless steel and

fIf: [**'*'d''er was deaerated at 94"C (200#F) by purging the feed tank with nitrogen gas and circulating the water in the
C (525' F)in high punty water is given in Tabte 11. The results given in Table 11 were determined during a run M$

,5
j/ , f-'

i, I
1 u;] I. %:-

j,

.t ; f. t: %)
t i;l s 1 .a.b./. ( . 5 kb' 1:z 59 A.

t[N t :

as :- ~
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I- Table 11 9

EFFECT OF OXYGEN CONTENT ON THE CORROSION POTENTIAL OF 7 _

MILL-ANNEALED TYPE-304 STAINLESS STEEL (HEAT NO. 7616) AND ;
,

PLATINUM IN HIGH PURITY WATEFP AT 274'C (525'F)
-

)
Oxygen Contenta Hydrogen Content' Open Circuit Potential -

(ppm) (ppm) (mV Standard Hydrogen Electrod,)1'
Type-304

Stainless Steel Platinum

0 0 -705 - 595 3

.
0.1 0.025 - 355 - 650 ,-

OE O - 235 - 200

5.Or 0 -103 + 37

9.0 0 - 31 + 49

* Resistivity CR.T = to to 13 megchm cm. neutral pH
* Anatysis taken on feed tank usng CHEMets'
* Obtained during er tx.;teng transitkin from 0.1 mb to 9 0 ppm
# Eshmated from cahbrated gas mixture used lor overpressure ,

feed tank through a sulfite-resin bed The deaerated water from the feed tank was then pumped into the autoclave and
to 274*C (525'F). In water containing 0 ppb oxygen, the potentials of stainless steel and platinum dropped to the low va
-705 and -595 mV standard hydrogen electrode, respectively. As the oxygen concentration was increased 10 0.1

bubbling with a N,- 0.5% O,- 1.6% H, gas mixture the corrosion potential of stainless steel increased 1o -355 mV and
platinum potential decreased slightly to -650 mV. The decrease in platinum potential apparently was due to pla
responding more as a hydrogen electrode than as an oxygen electrode. With 9 ppm oxygen, achieved by bubbling with
the corrosion potential of both stainless steel and platinum increased significantly. Stainless steelincreased to 31 mV
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.

!
5.2.6 Anodic Polarization Studies of Type-304 Stainless Steel

1-
Anodic polarization studies could not be performed in the high punty water used for the corrosion potential measg

ments because of the extremely high electncal resistance of the water Tha resistance of the water was decreased by 4
addition of sodium sulfate. Upon adding and thoroughly mixing the equivalent of 0.01 Na, SO.the impedance between
specimen electrode and the autoclave decreased by three orders of magnitude to approximately 30 ohms at 274*C (52
The resistance appeared low enough to allow polarization studies to La performed. Significant IR corrections in pote

(>50 mV) would become necessary for current densities in excess of 260 gA/cm'.
t

| Figure 39 presents the polanzation behavior observed for a mill-annealed Type-304 stainless steel specimer
274*C (525*F). The curves were developed at a scan rate of 5 mV/sec (18 V/h) starting at -1200 mV, sweeping to + 11
mV, and then reversing the scan back to -1200 mV. The curves given in Figure 39 are those developed during the $

1
second, and fourth through sixth scans.ru

YF
Dunng all forward scans (- to + direction) an active peak occurred around -500 mV (Figure 39a). The curl

j associated with this peak increased with successive scans. This increase in current is thought to be a result of the correl

- f,lm being altered and probably thinned dunng the successive polanzation cycles. In the forward scan direction ov@
potential range of -500 mV to + 600 mV there is a decrease in current with increased potential indicating a regio.

,

passivity. The fast forward scan through this region yielded a complex curve with many inflections. As the number of sc

)|I: increased, the comptexity of the curve decreased. At potentials greater than + 600 mVthe current increased sharply witt
f? onset of oxygen evolution
:,

e

5 104
. ? .

f
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Upon reversing the scan direction (Figure 39b) the current fell to values less than that observed during the f(

scan. Dunng the first reverse scan the current dropped sharply and became cathodic around + 250 mV. The cathodic g }*
i

|

peaked at 4 200 mV and then changed to anodic at +140 mV. Dunng successive scans this cathodic region eve
Jdisappeared. The existence of the cathodic region is thought to be due to the reduction of Cr** to Cr'3 according tohd1 6.1 h

reaction 61' + 2 CrO. 2 + 5 H O - Cr,0 + 10 OH-2 3 w

As the potential was lowered below + 140 mV the anodic current peaked around 0 mV and with further decremee %
potential the current became cathodic around - 120 to -200 mV. This second cathodic region persisted to -1200(&pnbq
However, at potentials corresponding to the initial active peak (-500 mV) observed dunng the forward scan the cacarosq

.

curve flattened out slightly indicating that an anodic reaction (active metal dissolution) was competing for the current. %i ##P09
approximately -700 mV the back scan curve became the same as the forward scan curve (not shown in Figure ag&ynufat

gic
in future reports a more detailed discussion will be presented on the significance of the various changes in currert q*^n estig

potential observed in the polarization curves and their correlation to possible stress corrosion cracking. At prgN'h
interpretation of these polarization curves is made diffacult by interferences by other reactions. These interfering reactia[Wse d
occur over the potential of interest and are due primarily to the oxidation-reduction reactions associated with the materg'####
used in the autoclave construction. For example, the oxidation of Fe.: to Fe'' has been shown by Indig and Vermityea't
contnbute substantially to the oxidation current in active-passive regions. Such reactions can significantly obscure impdIl bb

regions. Future plans include obtaining a TF6 Al-4V autoclave and improving water punfication methods which will mirg.g Tcurrents associated with reactions not relevant to the stainless steel corrosion process. r
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M 6 FUNDAMENTAL STUDIES OF FERRITE EFFECTS IN DUPLEX STAINLESS STEELS ONg RESISTANCE TO INTERGRANULAR STRESS CORROSION CRACKING IN [
D- BOILING WATER REACTOR ENVIRONMENT- RESULTS AND DISCUSSION

p

I

!,

. pODUCTION AND TASK OBJECTIVE

',} . -
in-reactor experience and numerous laboratory studies conducted in simulated boiling water reactor environments ;{;

gcated duplex stainless steels to be much more resistant to intergranular stress corrosion cracking than austenitic ;{
$5 steels. It is the goal of this program to determine the metallurgicalconditions responsible for this resistance to stress" ##

cracking in the various boiling water reactor environments. The minimum amount of ferrite, the required chemicallt
ion of the ferrite, and the morphology of the ferrite required to inhibit intergranular stress corrosion cracking in

e
ed boiling water reactor environments will be determined. The effect of cold work as well as the effect of second phase

.,

prs such as carbides, o phase and o' phase on the stress corrosion cracking of duplex stainless steels will also be
{{

~

9ted. To expedite testing of the large number of a!!oys and heat treatments to be examined in this study, a screening
;

.. g . I be developed to detect and screen out alloys and/or heat treatments highly susceptible to stress corrosion cracking. j
w a*oys and/or heat treatments would not be tested in the simulated boiling water reactor stress corrosion cracking.

ps*Js. freeing the latter for tests on more resistant materials.,

4 g $UMMARY OF RESULTS '

=%
;6 Tne present results indicate that several screening tests used in the past to evaluate the stress corrosion cracking

V" gSty of austenitic stainless steels do not correctly predict the stress corrosion cracking behavior of duplex stainless
M An accelerated corrosion test which measures the pitting potentialin chloride ion media and which accurately predicts,,4

g % ms corrosion cracking behavior of both austenitic and duplex stainless steels in 0.01 N H,SO. at room temperature
, woped. Stress corrosion cracking tests have been initiated on specimens in simulated boiling water reactor% g nents. As part of the screening test program, stress corrosion cracking tests were conducted at room temperature ink ' w % H,SO.-

JsW
J3 The patting potential test was also shown to be very sensitive to changes in microstructural features detecting, forM sse. tne presence of M,3C. precipitates formed at austenite grain boundaries and along austenite-ferrite phasep -es .es as well as n' phase (475'C embnttlement) which forms in and embattles the ferrite phase. Should future stress
"( , .e cc crack testing in simulated boiling water reactor environments show such microstructural features to be deleterious

~ t egns corrosion cracking resistance, then the pitting potential test will be usefulin screening duplex stainless steels
3 . taaerwy these harmful phases.
X
wp

A'*cug*t this study is solely interested in the stress corrosion cracking behavior of duplex stainless steels, corrosion
j- % twLeted on fully austenitic stainless steel (which was used as a benchmark during the development of a stress
T , N cra: king screening test) revealed an interesting effect deemed worthy of disclosure in this report. The results of the

Q *****d
intergranular corrosion tests, the pitting tests and the stress corrosion cracking tests ind cate that prior, i

,, . . M t eatments have a marked effect on the corrosion and stress corrosion cracking behavior of sensitized austenitic,g % t' eof
Preliminary transmission electron microscopy indicates that intergranular precipitation of M.C, duringy %, e' 1000~C inhibits intergranular precipitation of Cr,3C. during lower temperature anneals and the material is

,

M b eergranular stress corrosion cracking. Annealing at the usual temperature of 1100*C does not result in

W[ '''Wr carb:de precipitation and the material is sensitized and susceptible to intergranular stress corrosion cracking'
;

*#**Mtly I' eat treated at 600*C for 24 hours.
'|$ -H

,(( **M and thermomechanical processing were initiated on 51 alloys to be used in this program to study the effect of
,,
'g. M morphology, and chemical composition of the fernte phase, the effect of secondary phases, and the effect of%

MN # N stress corrosion cracking behavior of duplex stainless steels. ., , 1
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6.3 SUBTASK 1 DEVELOP A TESTING PROCEDURE TO ASSESS THE STRESS CORROSION CRACI cdeed
SUSCEPTIBILITY OF DUPLEX STAINLESS STEELS IN THE BOILING WATER REACTg h
ENVIRONMENT d f *rni' tip

de corros'
6.3.1 Introduction sr

The primary test employed in this program to assess an alloy's susceptibility to stress corrosion cracking in the

water reactor environment will consist of constant extension rate test 1/4-in.-diameter tensile-type specimens immerg ~
'

air saturated high purity water at 289'C and measuring the stress and strain at failure and determining the amount of ' 4| compo5
intergranular fracture. Because of the limited number of facilities capable of performing the above test, an extensive taoun- -

effort is being made in this program to develop a screening test capable of assessing an alloy's susceptibility to s4 1350*C

corrosion cracking in the constant extension rate test. Such a test could be used to detect and screen out alloys and/or%g,ccwr th
treatments with a high degree of susceptibility to stress corrosion cracking. These alloys and/or heat treatments would not tienchm
tested in the constant extension rate test facility, freeing the latter for tests on more resistant material. 7 p mete

eater qu

The initial screening tests to be evaluated are A262C, A262E, and the pitting potential measured in near-neutral 9 143/4-i
Iow pH chloride ion solutions. Initially all alloys studied will be subjected to the above short-time screening tests as weU as ester qu

constant extension rate test. These initial results will establish the credibility of the various short-time screening tests.Thg* rours ar

which do not correctly predict the stress corrosion cracking behavior in the constant extension rate test will be eliminated Q
future use. Those which adequately describe the stress corrosion cracking behavior will be used for initial screening tesqui

^ R]
alloy evaluation work and in fundamental mechanistic studies.

The A262C and A262E tests were selected because of the long history of their use in assessing the intergd
3stress corrosion cracking susceptibility of austenitic stainless steels. The pitting potential test was selected princg

because the pitting potentialis a strong function of the chromium content of the alloy. Regions of a material which areloset

chromium will pit first and at a lower applied potential than regions higher in chromium. This is very important for two reag As Col

First, a strong correlation exists between intergranular stress corrnsion cracking susceptibility in the boiling water rea:ti 1/16ir
environment of austenitic stainless steel and the presence of chromium-depleted zorles adjacent to grain boundarid* m eldin!

Because of the dependency of pitting susceptibility on the chromium content, the presence of chromium-depleted pub. (0.16 c

boundaries in austenitic and in any other type of stainless steel would be detected by the pitting potential tests. Second,rq
microstructural features in duplex stainless steels are accompanied by chromium-depleted regions. Consequent'y,ts. As Coli

pitting potential test could be used to detect the presence of these microstructural features. For example, a phase which ' 3/32 in
-

form in single phase as well as duplex stainless steelsis a chromium-rich intermetallic compound of transition elements" welding

is surrou nded by a chromium-depleted zone. Similarly, the intermetallic compounds known as R phase and x phase, both si (024 cr'

formed in molybdenum-containing stainless steels, are rich in chromium, and their formation results in the usation/
chromium-depleted zones. Finally, n' phase is a chromium-rich phase formed within a miscibility gap existing atles{ LM Tel
temperatures in the fernte phase. The a' precipitates contain as much as 90% chromium and result in severe chromba
depletion of the ferrite phase as well as embrittlement of the ferrite. Should stress corrosion crack testing show ad Pric

microstructural features to be deleterious to stress corrosion cracking resistance, then the pitting potential test will be usy 8h H,So

in screening duplex stainless steels containing these harmful phases. $ soldel

-t Normed
Constant extension rate test facilities for determining the stress corrosion cracking susceptibility of duplex starilss$ Don G

steels in simulated boiling water reactor environments have just recently been completed. Results of stress corroser
13 4 Rescracking tests on duplex stainless steelin simulated boiling water reactor environments will be obtained in the conssi

extension rate test facilities. During the period, screening stress corrosion cracking tests were conducted at room tempff
ture in 0.01 N H,SO.. These results are of interest for several reasons. First, the pH of the test solution mode!s the pH o*d U 41 C<

exists at the tip of a crack even in a sample immersed in a solution with bulk pH 7. Second, preliminary results show a **
easily discernib!e d.fference in behavior between material known to be resistant to stress corrosion cracking in boil.rg a g Figu.

reactor environments (e g., fully anneated austenitic stainless steel) and material known to be highly susceptible 1o 5888, ens

corrosion cracking (e.g , sensitized austenitic stainless steel). Third, f ailure times are relatively short. Fourth and forseag of it

since the tests are conducted in an electrolyte, potentiostatic control of the test specimen is possible providing intorp [ bounc
usefulin studying the mechanism of cracking. Expanding further on this last point,if intergranular stress corrosion cram 2r

.
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related to intergranular corrosion caused by chromium depletion at grain boundaries, then it should be possible to j.

afly Polarize even a fully sensitized austenitic stainless steel sample to a sufficiently noble potential so that even the +

g ' # , cracking should no longer occur.
e _ depleted zones are passivated and no longer susceptible to localized accelerated corrosion attack so that stress

j
. 5

I ' psterlats and Processing
,

. |

To date thermomechanical processing has been completed on Heat S0099 of Type-308 stainless steel whose '

5 ton is listed in Table 12. The as-received 3/32-in. (0 24-cm) diameter welding rods of this alloy were given an initial
{

anneal at one of four temperatures - 1350"C,1100*C,1050*C,1000*C - followed by a water quench. Annealing at i

g I hour and water quenching produces a duplex microstructure consisting of approximately 25 vol % ferrite. The
j
;

# p heat treatments produce a single-phase austenitic matrix. The austenitic material was tested to produce a ; ;
k for the intergranular corrosion screening tests. The annealed rods were cold drawn to 0.030-in. (0.075-cm) | ,i

wire using intermediate anneals after reductions of ~40% at the same initial temperature for 1 hour followed by j,

$ hing. After the last drawing pass, the wire was sectioned into 1-1/2-in. (3.8-cm) lengths for corrosion testing and
^
h g 4c (27.3-cm) lengths for stress corrosion crack testing. The specimens were then given a final 1-hour anneal and

A. Half the number of specimens given each annealing treatment were subsequently heat treated at 600*C for 24 '

, a e water quenched.

. Table 12
COMPOSITIONS OF TYPE-300 STAINLESS STEEL,

!

Wt % Ferrite,

Form Heat No. C Si P Ni Mn S Cr Number

as Cod Drawn 13405013 Analysis not completed 9.5" , *g in x 36 in.

33 rod
g c 'Q em x 91.4 cm)

^

as Ocd Drawn S0099 0.014 0.32 0.005 9.62 1.92 0.011 20.37 11.5* &T c x 36 in.
.

w sq rod
|

g A.J4 cm a 91.4 cm)
g
y , W Testing Procedure ' %

1

@
N to corrosion and stress corrosion crack testing all specimens were electropolished in a solution of 60% H PO. +,

3
. %3.at 60*C at 1 amp /cm8 for 5 minutes. Samples for anodic polarization tests were soldered to an electrical test lead.

*2W joint was subsequently marked off with Glyptal* paint. Accelerated intergranular corrosion tests were g

% m cording to ASTM specifications A262C and A262E. Prior to anodic polarization and accelerated intergranular
, AJ

9%
%.

N8 ,

.i

% 45 sng, samples were ultrasonically cleaned in acetone and rinsed in distilled water.
, ;

Aneutta
1

essi . l ,,z
Corrosion Tests .Yh ,hg ,We 40 summarizes the results of A262E testing of as annealed and sensitized Type-308 stainless steel. The

ij -Q .. *ere nominally 0.025 inch (0.063-cm) in diameter and 1.5 inches (3.8-cm) in length. A rating of zero indicates no
''N Specimen following 3 days of immersion. A rating of 1 indicates grain boundary etching. A rating of 2 indicates[g

Mig M cracking following bending of the specimen. A rating of 3 indicates severe intergranular penetration ' N'h '% b nearly zero ductility. In tho four as-annealed conditions no attack of any kind occurred. Following a 600*C for (
y J ,

hMment, the sample which had been anneated at 1100*C for 1 hour suffered 100% intergranular penetration. ~y i

b
1 .

y , i )gg n
g? ,

'p .
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Table 13 'y
RESULTS OF A262C TESTS ON TYPE-308 STAINLESS STEEL fg

@
2-day Weight 4-day Weight 6-day Weight 44

fHeat Treatment Change' Change' Changea

,M

' %g1350*C/1 h, W.O. - 0.0703 6 6
,. ,~

1100"C/1 h, W.O. + 0.0018 - 0.0163 -0 0401 D
4 f

1050 C/1 h, W.O. + 0.0^15 - 0.0097 - 0.0135 3 $) c
- .

1000"C/1 h, W.O. + 0.0040 - 0.0123 - 0.0083 J '

4 h
'

1350"C/1 h, W. O. + - 0.0088 b b
,

600"C/24 h, W.O. 3

1100 C/1 h, W.O. + - 0.3018 S.D. 3
600"C/24 h, W.O. -p

A:
1050*C/1 h, W.O. + - 0.0388 6 6

#
600*C/24 h, W.O. g

w
1000"C/1 h. W.O. + - 0.0240 b b 4e

600*C/24 h, W.O. y,

h Fig

?
~-

* gms/cm'
* test not completed

JiS 0. - Specrnen essoNed 62nng test
-Cl N appd.

W.O. - Waior Quencti

24 tothou

-fu
mrej

4 ro to 6

boundaries. Although the value of the pitting potentialin 0.16 M Nacl of the materialheat treated to produce a single phaw'
,

austenitic matrix did not change substantially with sensitization, the pitting morphology of the material annealed at 1100( Td

changed markedly with sensitization. Samples as-annealed at 1100,1050, and 1000"C to produce an all-austenite matrup .stze

exhibited a relatively low pit density of 2-4 pits /cm8 following anodic polarization. The pits were large and not clearty( w on s

associated with any particular microstructural feature. Heat treating at 600*C for 24 hours samples which were annealed al(tt:he

1050 and 1000*C for 1 hour resutted in the same pit morphology following anodic polarization as in the fully annealed ; 'u prio

f
austenitic material - namely, very low pit density (2-4 pits /cm'), with the pits not clearly associated with any partioAar
microstructural feature. As illustrated in Figure 47, the sample annealed at 1100*C and sensitized at 600"C for 24 hows (242

exhibited a vastly dif feront pitting morphology. Here pit nucleation is very much greater and clearly occurs at grain boundanes
Aqwhich are outlined by rows of tiny pits. Thus,in agreement with the results of the A262C and A262E tests,the pitting behad ,

** eterin 0.16 M NaClof austenitic Type-308 staintess steel annealed at 1000*C and 1050"C is relativelyinsensitive to sensitizatiort *
The pitting behavior of austeniticType-308 stainless steel annealed at 1100*C is drasticaffy aftered by a sensitizationanneal )*"'8 *e

8?9 Cc

Figure 48 depicts the p:tting potentialof Type-308 stainless steet in 0.16 M hcl as a function of annealing tempera'ure |c;

The solid points represent the pitting potentials of materials given a subsequent 600*C for 24 hours heat treatment fo!!a#T"s'.ze

the 1-hour anneal The pitting potential of the material annealed at 1100*C is reduced by over 1 volt by a sensitization anneal i*wsg

The pitting potential of the material anneated at 1050*C is also lowered by a sensitizing anneal although not nearfy as 7%ed
"*t aJdrastica!!y The p.tting potentials of the matenal annealed at 1350"C and 1000*C were unaffected by the sensitizing and
" r tN

$
f
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& pg.re 40. Effect of Heat Treatment on the Corrosion of Type-308 Stainless Steelin A262 Practice E Test

4
i

!

k *. aca ance of this specimen is depicted in Figure 41. The sample given a prior anneal of 1050*C for 1 hour and 1350*C
;; ie * ga,a underwent grain boundary etching as shown in Figures 42 and 43, respectively. The attack is greater in the duplex ;

e t.ro wth the austenite-ferrite boundaries heavily etched. The samples which had been anneated at 1000*C for 1 hour
pe a t,XTC for 24 hours were completely free of corrosion attack. i

4 Taut 13 lists the weight losses of Type-308 stainless steel specimens in the as-annealed and anneated-plus-
sisj %=2 cond-tions following multiple 48-hour periods of immersion in boiling 65% nitric acid. Intergranular attack occurred
$ * r noemens in the fully annealed ccadition. In agreement with the results of A262E, the material annealed at 1100*C

, ** * 6erstized suffered the greatest attack in A262C. Additionally, the material annealed at 1000*C and 1050*C for 1

d.
b rca to sens*zation are not severely attacked in A262C.

sM D'3 A' odic Polarization in Chloride-lon Mediaa ~

M Nc po!arization tests were conducted in 0.16 M hcl and 0.16 M Nacl to determine the anodic polarization *
,.

m and the pitting potential of Type-308 stainless steelin chloride-ion media as a function of heat treatment. (di *e conducted in deaerated solutions at room temperature and the potential was swept at a rate of 1 mV/sec starting
"#*oton potential. Figure 44 depicts the pitting potentials measured in 0.16 M Nacl as a function of annealing I

% *>e The so!>d points represent the pitting potentials of material subsequently sensitized at 600*C for 24 hours.
<

4 ** d d not greatly reduce the pitting potential in 0.16 M NaCf. The material annealed at 1350*C for 1 hour
.

$
70]

a Odex microstructure and did not pit Curing anodic polarization in 0.16 M Nacl. Fo!!owing a sensitizing !i-.
.

N/J C for 24 hours the materialanneated at 1350"C for 1 hour pitted in 0.16 M Nacl at a potentialof 955 mV.The 6I

4, % the latter specimen is depictedin Figure 45. As illustratedin the higher magnification photograph in Figure 46, -
%tzed duplex a!!oy were confined to the austenite phase and appeared to nucleate at the austenite-ferrite ~[

g g
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; Figure 41. Photomicrograph of Type-308 Stainless Steel Heat Treated at .,3

31100*C for 1 Hour, Water Quenched Followed by 600*C for 24 EHours, Water Quenched, then Followed by 3 Days in A262 Prac- w
tice E Solution. 250X 3g
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Figure 42. Photomicrograph of Type-308 Stainless Steel Heat Treated at
1050'C for 1 Hour, Water Quenched Followed by 600*C for 24 ,

Hours, Water Quenched, then Follosed by 3 Days in A262 Prac- . |
\tace E Solution. 250X \
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As in tests conducted in 0.16 M Nacl, the as-anneated single phase austenitic Type-308 stainless steel exhibited a veryktdd
pit density of 2-4 pits /cm' following anodic pofarization in 0.16 M HCI. Again the few pits formed were not clearly assa eC to produce a dgs
with any particular microstructural feature. The pitting morphology of samples annealed at 1350*d
microstructure and that of samples anneared at 1350 C plus heat treated at 600*C for 24 hours was identical to that obtans
for the latter in 0.16 M Nacl and depicted in Figures 45 and 46, namely, pits r.ucleated at the austenite-ferrite interface a24 had

propagated into the austenite phase. The all-austenitic material annealed at 1050*C plus sensitized (600*C forexhibited numerous pit nuclei as illustrated in Figure 49. Recall from Figure 48 that this sample had a significant y re hl den

*C for 24has

pitting potential as a result of the sensitizing anneaf. The all-austenitic material annealed at 1000 C plus 600
_

exhibited a very low pit density (2-4 pits /cm') and the pits were not clearly associated with any particular micth6
feature. As indicated in Figure 50, the material anneared at 1100*C and sensitized exhibited a peculiar type of pitting s8|

Rows of tiny pits formed along certain grain boundaries, accenting the appearance of these grain boundaries. Allthe 3l

f ed
boundaries of this material were in relief following efectropolishing. Figure 51 shows a high magnification view o s'ti gf

stage in the formation of these pits along the grain boundaries. In this photomicrograph, a targe pit is extending nto aThe growth of these fine pits down into the material along the grain boundary resulted in numerous grain pullouts su#,

|
'*

5depicted in Figure 52.
d

In summary, the pitting potential tests in 0.16 M Nacl and 0.16 M hcl both result in minor pitting not associate| *
f the se.

| any particular microstructural feature of the as anneafed austenitic Type-308 stainless steel, as well as oh t troc
austenitic material which had first been anneated at 1000*C for 1 hour. Recall from above that these same ea

|-
f kind during

resulted in only minor weight losses during A262C testm_ and resulted in no localized attack o anyb il hich was se.
testing. Very severe pitting confined to the grain boundaries occurred in the 100% austenitic mater a w

'

the rr

following a 1-hour anneaf at 1100*C. This heat treatment resulted in severe attack in the A262C test -d in I

completely dissolved during the second 48-hour period of immersion. Similarly, this heat treatment resulte
,
'

,

..
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AS iI

t; 3'
Vb

E h ' ,,.pva, penetration in the A262E test. Pits nucleated at the austenite ferrite boundaries in sensitized duplex Type-308L

.a s*ect in both chloride-ion test solutions. This material suffered localized attack of the austenite-ferrite boundariesM m . A262E test but no penetration down the boundary was detected. In the as-anneated duplex Type-308 stainless
r

,9
s., A:n *as water quenched from 1350*C, pitting attack nucleated at the austenite-ferrite boundaries in 0.16 M hclq

Q i b u sta.nless steel during A262E testing. pre Nt no pitting attack occurred in the 0.16 M Nacl solution. No attack of any kind occurred in the as-annealed duplex
.q

* emarizing, the results of the A262C tests, A262E tests, and pitting potential tests on annealed and sensitized
. ,

-

O
$ M Type-308 stainless steel all agreed. The results of such tests conducted on annealed and sensitized duplex

b u ra nless steel resulted in pitting along the austenite-ferrite boundaries but little or no attack of such boundaries in
y

4 Ci test.
f n.i&
fi$ ~*3 hess Corrosion Cracking Tests ,,:
,?$' %!

" N load, constant applied potential stress corrosion crack tests in 0 01 N H SO _D
- ' '

tM
*4 m Type-308 stainless steel as a function of heat treatment. The all-Teflon polarization ce!!in which the stress, at room temperature are beingsi

. ,

LCR
"J 8CR tests are being conducted is schematically illustrated in Figure 53. The main features of the cell are the wire

'

qg'f(h** teemen which is under a tensile load during testing, two platinum mesh screens which gN
g **4 d a Luggin-Haber probe which provides a low-resistance path between the specimen and a saturated catomet.h

' serve as counter
Mp

* " ~Nm of 4 hours prior to testing..tode. Deaeration of the test electrolyte is accomplished by bubbling ultra-high purity nitrogen through the]f. A Wjw.

[.
.

Q* 4 841ed potentials are being used, + 1200 mV (transpassive region) + 700 mV(
g

b, - %) To date, results have been obtained for sampfes heat treated at 1350*C for 1 hour and 1100"C for 1 hour as
FK passive r(gion), and +200 mV,

'
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M
well as on samples annealed at those temperatures and then heat treated at 600 C for 24 hours. Specimens conssi
0.030-in. (0.075-cm) diameter wires,10.75 inches (27.3 cm) in length. Prior to testing, each sp ecimen is electropolshe000
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 0f 4,
Glyptal8 paint. Each specimen is dead-weight loaded to an initial tensile strain of 10%. The results are presented in FigMS

3

Both annealed sampfes were tested at an applied potential of + 1200 mV fractured in a ductile fashion. Failure was dat,
,

corrosion which reduced the eross-sectional area to the point at which the room iemperature fracture strength was e xceeds
This is as expected since transpassivity initiates on the annealed samples in this solution at + 850 mV. Samples anneakdB
1350*C and polarized in the passive region at +700 mV and +200 mV failed in a ductile manner. MicrcWJalf
observations on the surface of the failed wires indicate planar slip along a single shp system within the austenite @#
Evidence of slip in the ferrite could not be found by optical microscopy. w

Figure 55 depicts the surface appearance of the specimen anneated at 1350*C for 1 hour and tested at an a#
potential of + 700 mV. The f errite phase has been preferentially removed. It would appear that failure in specimens a#
at 1350'C for 1 hour was due to the preferentialloss of ferrite which resulted in intensification of the applied stress SM
sampfes annealed at 1100'C which produced a 100% austenitic matrix and the samples annealed at 1350*C which prMM
a duple x microstructure were highly susceptible to stress corrosion cracking in 0.01 N H,SO., after a 600*C heat tret85
24 hours. Both heat treatments resulted in failure in less than 2 minutes. Figure 56 is an optical micrograph of the sf.a:
sampfe annealed at i100*C for 1 hour prior to a 600^C heat treatment for 24 hours. The test was stopped before fM
occurred. In addition to the planar nature of the slip, severalintergranular cracks can be seen. The fracture s/4
samples tested to comp!ete failure consisted of an inner core of ductile, cup-cone fracture and an outer region ofinte78M
fracture. Apparentlyintergranular cracks initiate at the surface of the specimen as shown in Figure 56 and propaga*e,

sample untilthe applied stress exceeds the fracture strength of the alicy and ductife fracture of the remaining materd
.
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Figure 56. Photomicrograph of Type-308 Stainless Steel Heat Treated at %\
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Hours, Water Quenched and Stress Corrosion Crackedin 0.0f N k<
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HpO, at an Applied Potential of + 400 mV. 250X "%
?f
5

A

Figure 57 is a scanning electron micrograph of a failed sample heat treated at 1350"C for 1 hour plus 600"Cforis
hcurs which was potentiostatically polarized to +700mV. Again the fracture surface consists of aninner region of ductI[
cup-core fracture and an outer zone of intergranular fracture. Figure 58 is a higher magnification view of the outer regiand
intergranular fracture.

|
.

6.3.5 Discussion

All discussion of the mechanisms and causes for the localized corrosion and stress corrosion cracking in the Type-35
stainless steel reported above are presented below. The present task is concerned only with the ability of the various tests 9
assess the stress corrosion cracking susceptibility of duplex stainless steelsin the constant extension rate test. The latterist
will be performed so that a final discussion of the validity of the various screening tests will be possible.

The results of the A262E tests and the A262C tests conducted to date on anneated and anneated plus-sensitet
duplex and single-phase austenitic Type-308 stainless steel agree reasonably wett. Unfortunately, although the wef
losses in A262C tests of samples which have been annealed plus sensitized are much greater than those for as-anneast
samples, both as-annealed and as anneated-plus-sensitized samples undergo localized grain boundary attack. Ce8
sequently, the micro-appearance of the sample per se f ollowing A262C tests cannot be used to indicate the susceptibd*f

,

intergranular stress corrosion cracking. The results of the A262C tests, A262E tests, and the pitting potential tests in 0.16 W
'

' Nacl and 0.16 M hcl of as-annealed and anneated plus sensitized austenitic Type 308 stainless steel showed exceId
agreement. The as-annealed austenitic Type-308 stainless steel exhibited no attack at all during the 3-day immersW
A262E and minimum weight loss in A262C tests. In both the Nacl and hcl solutions the as anneated austenite TypeM
stainless steel exhibited a low pit density of 2-4 pits /cm'. The pitting potentials of these w ere high and pits probab!y nucledi

f at inclusions such as sulfides. Following a 600=C anneal f or 24 hours the materials austenitized by a prior anneal at 1006
i
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Figure 57. Scanning Electron Micrograph of Fracture Surface of Type-308 fz,; Stainless Steet Heat Treated at 1350*C for 1 Hour, Water b
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exhibited no grain boundary attack during A262E testing and material given a prior anneal of 1050*C exhibited v" W l'F-

bI[grain boundary etching. Similarly, samples w hich had been first annealed at 1000*C prior to heat tre ating at 600*C e
much lower corrosion rate in A262C tests. When anodically polarized in 0.16 M Nacl and 0.16 M HCI, the M"
annealed at 1000*C for 1 hour plus 600'C for 24 hours exhibited minor pitting attack and the pits could not be associated C
any particular microstructural feature. The samples which had been annealed at 1100*C for 1 hour plus 600*C for 24 QINexhibited localized grain boundary pitting corrosion in 0.16 M Nacl and 0.16 M HCf. The pits initiated at and propagated
grain boundaries as well as into the grain interiors. In the 0.16 M hcl solution, the pitting potential of austenitic Ty

(;

stainless steel was drastically low er ed by sensitization so that the magnitude of the pitting potential as well as the a
y

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 g ,
steel. Although samples heat treated at 1350*C for 1 hour plus 600*C for 24 hours showed preferential etchigi
austenite-ferrite boundaries following 3 days of A262E immersion, such samples exhibited no cracking at any bou%;[ )
when bent to an angle of ~ 180 degrees. Consequently, such material would be said to have passed the conventionalgf ,

test. However, pitting did occur during anodic polarization in 0.16 M Nacl and 0.16 M hcl and such pits initiated [[
austenite-ferrite boundaries. Also, the as-annealed duplex Type-308 stainless steel sampfes (1350*C for 1 hour and m,

quenched) pitted at a potential of 750 mV and the pits initiated at austenite-ferrite boundaries. However, when this mah,
was tested in the A262E test no selective attack occurred along the austenite-ferrite boundaries;in f act, no attack of anM {gm .1
was observed. Also the material did not pit during anodic polarization in 0.16 M Nacl. @

Since samples of as annealed duplex Type-308 stainless steel (heat treated at 1350'C for 1 hour) and sampleggi ,
sensitized duplex Type-308 stainless steel (heat treated at 1350*C for 1 hour plus 600*C for 24 hours) suffered time-de'd '

I

failure and underwent preferential corrosion and/or cracking along austenite-ferrite boundaries during potentiostatic s: seM
corrosion cracking testing in 0.01 N H,SO., and since pits initiated preferentially along austenite ferrite boundaries QshI'

anodic polarization in 0.16 M hcl while such samples passed the A262E test, the pitting potential test in 0.16 M hcl may boti
more accurate indicator of the intergranular stress corrosion cracking susceptibility in 0.01 N H,SO. of a duplex stainlest
steel than A262E. The pitting potential test in 0.16 M hcl and the A262E test indicate the intergranuf ar stress corrou[
cracking susceptibihty of austeri..c stainless steels equally well. Whether the pitting potential test indicates the stress [
corrosion cracking susceptibility of austenitic and duplex stainless steels in the constant extension rate test remains to be,
determined. It should be emphasized that the results of the constant potential stress corrosion cracking tests in 0.01 N H,SQ,

'

do not necessarilyindicate the stress corrosion cracking susceptibihty of a materialin the boiling water reactor environmeit
Recall that the stress corrosion cracking tests in 0.01 N H SO. are primarily being conducted to study the mechanists [
stress corrosion cracking by observing the potential dependency of cracking. The relationship,if any, between the s:t1si

2

corrosion cracking behavior in 0.01 N H,SO. and in the cons: ant extension rate test will be determined. ,

g

Assuming that intergranular stress corrosion cracking is related to intergranular corrosion caused by chromi4
depletion at grain boundaries, the fact that intergranular stress corrosion cracking occurred in the sensitized austenitic s'd;
dupfex stainless steels polarized to as high a potential as +700mV would indicate that the combined effect of chromut ?
depfetion and low solution pH was too severe to permit passivation of the chromium-depleted grain boundary regions arW '
prevent stress corrosion cracking. Whether this is the case will be determined by conducting the constant potential 5: ete
corrosion cracking tests in a near-neutral pH solution such as 0.01 N Na,SO..

-

-

6.3.6 Conclusions

The pitting test conducted in 0.16 M HClis an accurate indicator of the sens:tivity of austenitic and dM88
stainless steels to stress corrosion cracking in 0.01 N H SO. caused by chromium depletion due to Crf.

1.
2

precipitation along high angle boundaries. Whether the pitting test can successfully pr edict the stress corros#
cracking suscept;bil.ty of austenitic and duplex stainless steels in the simulated boiling water reactor erwr#

,

-

ment constant extension rate test remains to be determined.

The results of the A262C tests, A262E tests, and p.tting potential tests in 0.16 M Nacl and 0.16 M HN
as-annealed and annealed-plus-sensitized austennsc Type-308 stain'ess steel show exce!'ent agreeme'M

2.

accurately predict the stress corrosion cracking suscept bil.ty of the materia! in 0 01 N H,SO. at tr#
temperature.
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Pitting corrosion of sensitized, austenitic Type-304 stainless steetin 0.16 M Nacl and 0.16 M HClinitiates at the; 3,
{ j

grain boundaries. Pits propagate down the grain boundaries lead.ng io grain putt-outs and to snme eutent, pits
propagate *ato the grain interiors..

g1 ,f
g 4,

O. t6 M HClis a more cffective solution than 0.16 M Nacl for determining the degree of carbide sensitization by4 pitting Not only does patting appear to be localized at grain boundaries in the 0.16 M hcl solution as in the 0.16
M Nacl solution. Ihereby permitting surface examination of tested specimens as a method ot rating intergranu-

g
gy

Lar corrosion susceptitxlity, but the magnitude of the pitting potential obtained in 0.16 M hcl also permits a[ |measure of the degree of sensitization.
g j
M 5 Annealed and-quenched and anneated-plus-sensitized duplex Type-308 stainless steels passed the A262E

.

g;
test yet were susceptible to stress corrosion cracking in 0.01 N H,SO. at room temperature. Only the pitt.ngg }

' tests conducted in 0.16 M hcl accurately predicted the stress corrosion cracking behavior of duplex Type-308-

stainless steelin 0.01 N H,SO..
$ )
(4J 1

The results of the constant potential stress corrosion cracking tests in 0 01 N H,SO.do not necessarily indicatef
6.

4 the stress corrosion cracking susceptibility of a materialin the constant extension rate test.W
4 7.
III Stress corrosion cracking testr, were conducted in 0.01 N H,SO. to study the mechanism ofintergranular stressI

corrosion cracking by observing the potential dependency of cracking and comparing it to the potential%. j
dependency of intergranular corrosion. More tests must be performed before this study is complete.%O:

*%
% is SUDTASK 2 - DETERMINE THE EFFECT OF VOLUME PERCENT FERRITE ON THE STRESS CORROSIONW CRACKING SUSCEPTIBILITY OF DUPLEX STAINLESS STEELS ,

I

'gga t introduction j
,

. !

%
The stress corrosion cracking behavior of 16 alloys aillying along one of hvo tie lines at 927*C willbe determined in the

at c. tension rate test. These afloys will permit studying the effect of volume fraction of ferrite on the stress corrosion
u seg tchav'or of alloys all containing the same chemical composition of austenite and ferrite.

i j

., .

Y La2 Materials and Processing
. {

Lteen alloys lying along one of two tio lines at 927'C were melted into ~25-Ib cylindricalingots measuring 2-1/2y9
"we 10 inches (6 3 cm u 25.4 cm). The nominalcompositions of these alloys are givenin Table 14. A 3-in.-thick section ofA
C rg/ *as hammer forged at ~1250"C to a rectangular shape 4 x 4 x 1 inches (10 x 10 x 2 5 cm) Th *Q<,-

. . ese were (non ?U#
*N e yound. soaked at 1250"C, .id hot rolledin four passes to 1/4-in.. thick plate and water quenched. These wil'next tse
***s at 92TC and hot rolled to 20.04in. thickness, reannealed at 927'C and water quenched. Each a!!oy sheet will then,

* *** Fored to 240% RA. One-half of each sheet will then be reanneated at 927*C and water quenched.?...
J06

h shon. a 3-1/2-in. (8.8-cm) long section of each afloy was jacketed in a mild steel container and e tr d dUL-
c r. -

M e 5 8-in. (1.5-cm) diameter rod. Each rod wi!! then be hot swaged at 927'C to 21/8-in. (0 35-cm) diameter and thenxue at ,tJ
#

*'' N to 0 030-in. (0.075-cm) diameter wire.7 @kq
@p: . L

ing
Wotional duplex alloys whose compositions are given in Table 15 were cast and forged to rounds at 1175*C.M

e

g
g' * f3 075<m) diameter wire.*** Nn extruded at 1175*C to 5/8-in. (1.56-cm) diameter rod. These will be hot swaged and finally cold drawn top #3

\ g'' g'3-
N heats of Type-308 stainless steel welding rod with ferrite numbers ranging from 2.0 to 13 were obtained. Theu

Of these heats are listed in Table 16.
' '

P~
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Table 14i

,"

NOMINAL COMPOSITIONS (wt *.) OF DUPLEX STAINLESS STEELS
LYING ALONG 927'C TIE LINES

,

'

- ,

Heat No. Mrs Si C Tl Ni Cr Comments .()
'M

FF 147 04 04 0 02 0.16 32 31.8 All ferrite (a) "'
-

48 28 9 Duplex (u + y)
~'

FF 148 5.8 25 2
FF 150 76 21.9
FF 151 W

88 19.5'

FF 152
'!

' ! 9.0 19 0 Ali austenite (y)
FF 153

FF 154 0.4 0.4 0.02 0.16 2.9 23.9 o

3.5 21 9 o+y+M ,"
f

* FF 155 42 20 2 ,_|
,, YFF 156 4.7 18.8

FF 157 5.4 17.2 p, ,

6FF 158
t 5.5 1 tl.5 Martensite (M) + austenne (yg,

I
; FF 159

,

6.0 25.0 Low carbon o + y 4,

t FC 163 04 .U4 ( 0.005 -

4.2 20 0 Low carbon n + y + M
< 0.005 -

FF 164 6.0 25 0 Ti free u + y
0 02

4.2 20.0 Ti-free u + y + M g 6
-

FF 165
FF 166 1 0 02 -,

ki,
Ill
4 i

^ l
Table 15

NOMINAL COMPOSITIONS (wt *.) OF URANUS-50 TYPE ALLOYS * 6*

Heat No. Mn Si Cu N C M4 NL Cr Comments j

f ^

!.
8

3461 0.5 05 18 0 06 0.04 2.4 0.0 20.0 Lower volurne .
'

fraction of form '.'
,

than found in
6Uranus 50
s:

IU

0.035 2.4 7.0 22.0 Higher volume

3462 fraction of fer*'
"
6'

than found in
Uranus 50

C'

0.04 2.45 82 20.25 Contains :20 #
"

3463 ferrae o

9 1 1 h 0.035 25 60 23.5 Contains =60C
6

3.t S4 fernte

4;
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Table 16,

4M< COMPOSITIONS (wt %) OF 7 LIBRARY HEATS OF TYPE-308 STAINLESS STEEL *
WY $.

' %y
4 ,.

Ferrite ,

%,; Heat No. C Mn P S Si Cr Ni Number

1N100 0.056 1.71 0.020 0.018 0.32 18.92 10.30 2.0
. ;f"'

5410 0.05 1.65 0.027 0.015 0.33 20.97 9.52 6.2,

'T, G 6976 0.053 1.70 0 019 0.017 0.20 20.65 9.83 6.6]}l g7g,, 0.044 1.69 0.015 0.019 0.31 20.23 9.32 7.0
6, 45963 0.04 1.76 0.016 0.008 0.41 20.95 9.82 8.3g$ 05518 0.02 1.63 0.010 0.018 0.72 20.72 10.18 -

;V
'E11L 0.036 1.84 0.019 0.019 1.05 20.03 8.88 1.3
.

* ;)
w ,; .

,{s e,ough D. Bertossa. Nuclear Energy Dmsson, General Doctc Cornpany, San Jose. Caktorrua fv
e
s-& .,

'9

'N. [ g3 SUDTASK 3 - DETERMINE THE EFFECT OF THE COMPOSITION OF THE AUSTENITE AND FERRITE PHASES
I

ON THE STRESS CORROSION CRACKING RESISTANCE OF DUPLEX STAINLESS STEEL

-d . The alloys mentioned in Subtask 2 and listed irt Tables 14 and 15 will be used for this study also.
.did i
d i s& SUDTASK 4 -DETERMINE THE EFFECT OF FERRITE MORPHOLOGY ON THE STRESS CORROSION CRACK.

i<ha| t ING SUSCEPTIBILITY OF DUPLEX STAINLESS STEELS'

. .&*. t
-Mi k in addition to the alloys mentioned in Subtasks 2 and 3, a centnfugal casting of CF3 whose composition is listed in
M.? '' *m 17 has been obtained and will be used in this study.W' Ir-

.x-
,

j/;
''t? SUDTASK 5 - DETERMihE THE EFFECT OF SECOND PHASE PARTICLES ON THE STRESS CORROSION !b.: L CRACKING SUSCEPTIBILITY OF DUPLEX STAINLESS STEELS

| K \

47.1 Materials and Processing

t' ion i
p The materials used in this task are identical to those used in Subtask 1. The reader is referred te subsection 6.3 2 for ag We on of the fabrication schedule of these materials. In addition,3/32-in. (0.24-cm) diameter rod of Type-308 stainless

j:j *== W. Hoat S0099 (see Table 12) was cold drawn to 0.030-in. (0.075-cm) diameter rod using intermediate anneals at , ,

,y RC for 1 hour followed by a water quench. At the final diametor of 0.030 inch (0.075 cm) the alloy contained 38.9% RA
,

'

gg ''** =crk it was then sectioned into 1-1/2-in. (3 8-cm) lengths and heat treated at various temperatures and times as
;
'

a) b* 'O*'

,e,
. .g The f,rst 5 of the 24 stainless steel alloys whose compositions are listed in Table 17 have been raelted into 25-lb m

p )# Nai rngots measuring 2= 1/2 inches x 10 inches (6.3 cm x 25.4 cm) long. These alloys will be used to study the relative
7 -
" "

et phosphorous, sulfur, and carbon in determining the susceptibility of stainless steels to stress corrosion '.,

'te |Q * m meg
,;

.sds'* g.3
isperimental Procedure y,&, j,.,

-

Mp$ N' to corrosion and stress corrosion crack testing, allspecimens were electropolished in a solut on of 60aa H PO. +Y,$
~^"

W. at 60^C and 1 amp /cm8 for 5 minutes. Samples for anodic polaritation tests were prepared as described
3

jj %22/ic2e.''*"'~ ~^" '''*#'"''"' ""''' " '' "' '''* '*"*'''**#*'" '#'"'' **'"'" ''''' ''"* U]'

#1 ya, a-

**% ;
Y s..

.( :e ;[ . ,f;
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\ Table 17 - re
:

NOMINAL COMPOSITIONS (wt %) OF STAINLESS STEELS DOPEDi M

WITH SULFUR, PHOSPHOROUS, AND CARDON $
t

Heat No. S P C Ni Cr Comments , F
:i y,

ta*

5 ,

r**

FF 186 10 5
* D

FF 189 10
**

FF 187 10 10
7*

FF 195 13
sr

FF 188 13
880.03 13

0.08 6
13 m

0.08 ;f
13 ,

0.03 0.08 0.08 j*

3 13
,

3 13
0.03 3 13 '

0.08
0.08 3 13

-e

O.03 0.08 0.08 3 13
*

-

10 13'

0 03 10 13 7; ,

0.08 a;

0.08 10 13 ,i
0.03 0.00 0.08 to 13

*

6 25 .
* ..

6 25 %,

'

0.03 6 25
0.08 f

O.08 6 25
a

.,$

sueur, phosprorous, and carton cont nts ma de as son as posseie. h_
,

d

.

.:

1 ?
4

E -

6.7.3 Results d dupier +|
The results of A262C, A262E, and pitting corrosion tests conducted on annealed and sensitized austenitic andin Table 13 and fI i

Type-308 stainless steel have already been presented above in Subtask 1. These results are summar zeFigures 41,45, and 49.The relevance of these results in terms of predicting the stress corrosion cracking be av or
h i of dupler f|

i t ntialtestwase ^
stainless steel has already been discussed in Subtask 1. An add tional reason for conducting the pitt ng po et ld be followed a'ufR ,

detormine il microstructural changes which occurred during heat treatment of duplex stainless stec s coult are discussedinterms ;

their presence indicated with measurements of the pitting potentialin subsection 6.7.4,these resu s
of the mechanisms responsible for the localized corrosion and stress corrosion cracking.);

J08 -j
The A262E and A262C tests are being conducted on heattreated specimens of 0 030-in. diameter duplex Typee

f 40% cold reductiors
stainless steel wire which, as mentioned in subsection 6.7.1, was produced by several repetitions of 600,700.800.aMN-

area by wire drawing plus 1 hour anneals at 1350*C and water quenching. Heat treatments consisted o9% reduction sia>ed):
900'C anneals f or times of 1,10, and 100 hours on specimens in the as-dr awn condition (containing 38.d T

Theresuftsof A5
cold work). Additionally, samples were also heat treated at 475*C for times of 10,100, and 1000 hours.4

) and A262E tests are not yet cornpfeted and will be disclosed in the next reporting period.
'
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I gnodic polarization tests in 0.1 M hcl have been cor .pleted on these samples and the measured pitting potentials are _

"_

% in Figure 59. No pitting corrosion ocx:urred as a result of annealing at 900*C for times of up to 100 hours.

, M ucturally, the volume fraction ferrite decreased from =20% after 1 hour at 900*C to ::-5% after 100 hours at 900*C.94 annealed up to 100 hours at 800*C were immune to pitting. After annealing for 100 hours at 800*C the pitting
P was reduced to 380 inV. Annealing for even 1 hour at 700*C resulted in pitting corrosion. Maximum pitting attack -

,

g after a 10-hour anneal. Annealing for 100 hours at 700*C increased the pitting resistance. Figure 60 depicts the' *

ogy of pitting in samples heat treated at 700*C. The pits nucleated at austenite-ferrite boundaries and propagated

g sustenite phase. While no pitting occurred during anodic polarization in 0.1 M hcl of specimens annealed at 600*Ca ,

, g longer anneals resulted in pitting attack. As in the case of samples heat treated at 700*C, maximum susceptibility
M, after 10 hours. Pits nucleated at the austenite-ferrite boundaries and propagated into the austenite phase. The

susceptibility to pitting corrosion occurred after 100- and 1000-hour anneafs at 475*C. The appearance of theseQ ;, .

ns fo!!owing anodic polarizationis shown in Figures 61 and 62. A marked difference in pitting morphology can be

[c. .,een samples anneated at 475*C and those anneated at 600 and 700*C. In the latter the pits nucleated at the
,

;

#
,b ! # e. ferrite interface and propagated into the austenite. In the former case, pits nucleated and grew within the ferrite#
, . . .;p - g
),k
y
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4:;a0 %'O 59. Effect of Heat Treatment on the Pating Potentialin 0.01 M hcl of Type-308 Stainless Steel
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Photornicrograph of Type-308 Stainless Steel Heat Treated at ,4,
Figure 60.

1350*C for 1 Hour, Water Quenched, Cold Drawn to 38.9% Reduc- $
9

tion of Area Heat Trcated at 700*C for 1 Hour, Water Quenched'

,[:~
and Anodically Polarized in 0.1 M HCI. 250X db
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Photomicrograph of Type-308 Stainless Steel Heat Treated at & 'yyFigure 61.
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' l's Dscussion
|>

N N severo intergranular corrosion in A262C and A262E tests of austonitic Typo-308 stainioss steel anneated at i

15 i Cr 1 hour plus 600"C for 24 hours as reportod in Figure 40 and Tablo 13 can undoubtedly be attributed to attack of ! D- i

$ Sep!cted regions adjacent to Cr,,C. precipitates at grain boundarios. The susceptibility of this material to pitting ,

M b at grain boundarios is due to the less-prote :tivo nature of the passivo film formod over those arcas depleted in !

Jh W Approximately 12% chromium is required in ferrous alloys to ensure ease of passivation and stability of the |
!s'a'e The rapidintergranular stress corrosion cracking in 0.01 N H,SO.of samplos annoated at 1100"C for 1 hour,g ,

f"M br 24 hours reported in Figure 54 and the resistance to stress corrosion cracking of material as anneated at 4,ni

g c.'d indicate the chromium-depleted zones adjacent to grain boundanos aro responsible for intorgranular stress *$j|

1 | p a: king. ;q,

,i y' ,
;

"**% nary transmission electron microscopy has indicated a possible explanation for the romarkab!O immunity 2J'
; L

]k kbtask 1 (s00 Figures 40,44, and 48 and Tablo 13) of austenitic Type-308 stainless stcol annoated at 1000*C for j
"** granular attack following a 600"C anneat for 24 hours. Foils from sampics anneared at 1100*C for 1 hour were W

4 g *** tc~np'etely solutionized. Samples heat treated at 600"C for 24 hours following a 1100"C anneal for 1 hour1

*"

''*e grve grain boundary precipitation. The precipitates wero 1oo small to obtain a diff raction pattern but based on .>

W of the material to intergranular corrosion aro presurned to be Cr,3C.. Samples solutionized at 1100*C for 1'*;*g / o.

anneated at 1000"C for 1 hour exhibited large intragranular precip:tates preliminarily identified as (Cr, FO),C,.

M ( %2ed at 1100"C for 1 hour, annealed at 1000*C for 1 hour, and heat trcated at 600*C for 24 hours contained
''

*C :a

ary precipitates but did exhibit intragranutar precipitates also preliminarily identified as (Cr, FO),C . The3

^%. ?* material anneated at 1000"C to sensitization might be due to the intragranutar precipitat,on of (Cr, Fe),C, 3a
/ nwers the carbon content of the matrix to prevent the formation of Cr,3C. during annealing at 600*C. .|I

g;,-
.
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Pitting corrosion in as-annealed duplex Type-308 stainless steel (1350*C for 1 hour, water quenched) nucleateg f -
austenite-ferrite interf aces and might possibly be explained by chromium depletion adjacent to Cr C. precipitates formedig 'u

the ferrite at the austenite-ferrite interface on rapid cooling from 1350*C. The presence of a chromium-depleted interg .
would also explain the preferential loss of ferrite in as annealed duplex Type-308 stainless steel during potentiostatic stry
corrosion crack testing in 0.01 N H,SO. as illustrated in Figure 55. Similarly, pitting in Chloridoion media of sensitized dupi1
Type-308 stainless steel (heat treated at 1350*C for 1 hour plus 600*C for 24 hours) initiates at the austenite ferrite intg
stress corrosion cracking in 0.01 N H,SO. of sensitized duplex stainless steel is characterized by cracking of the auster

ferrite interface. Both phenomena probably result,trom the preferential precipitation of Cr C. along the austenite-fg[j
n

phase boundary such as reported in the duplex stainless steellN744. It would appear, therefore, that sensitization resuts
the duplex microstructure in two distinct manners. First, on rapid cooling from 1350*C, Cr C. forms in the ferrite at Qn

austenite-ferrite interface because of the extremely low solubility of carbon in ferrite below ~800*C and because of the g
rapid diffusivity of carbon and chromium in the ferrite phase. Upon heat treating the as-anneated and quenched duple
structure at 600*C for 24 hours, the high diffusivity of chromium in the ferrite quickly deletes the chromium-depteted zQ '
around the Cr C. particles created on water quenching from 1350*C, However, during this heat treatment Cr C, ngfn

precipitates in the austenite phase in which the carbon has a higher solubility and the chromium has a lower dg ,
n

t
Chromium-depleted zones are now created around Cr C. precipitates formed in the austenite phase at the austenite-fengen g
boundary. ~

Although the hypothesized chromium-depleted zones formed in the as-annealed duplex Type 308 stainless steef M -
in the annealed-plus-sensitized duplex Type-308 stainless steel are sufficient to cause pitting in hcl solutions and st at T
corrosion cracking in 0.01 N H,SO. it is interesting that both materials pass the A262E test. This might be explained bg
f ormation of noncontinuous chromium-depleted zones along the boundaries which are sufficient to cause localized pittrW
insufficient in extent to cause extensive intergranular penetration by intergranular corrosion alone. With the applica*iongfg'

stress, intergranular penetration is achieved by intergranular corrosion and/or cracking along chromium-depleted peg
adjacent to boundaries and the stress can rupture the chromium rich sections of the boundaries separating the chrerg (d 58 $
depleted portions. @

The results presented in Figure 59 indicate cold worked duplex Type-308 stainless steel anneated upto 100 howsg
900*C to be immune to pitting in 0.1 M hcl. The only mictostructural change,in addition to recrystallization, observed &ng -
annealing at 900*C was a steady decrease in volume fraction f errite. Af ter 100 hours at 900*C the ferrite had decreasedtN,$f pass

* read)
vol% Likewise, the only optically observed microstructural change occurring during heat treating of cold worked d4W50099
Type-308 stainless steel, other than recrystallization, was a decrease in the volume fraction of fernte. However, pittrg(
occur after a 100-hour anneal at 800*C. The pitting could be the result of chromium depletion caused by Cr C. preeptato$

ICngn
Ht tr#

the austenite. This, however,is yet to be deter mined. Pitting initiated at the austenite-ferrite boundaries of cold workeddsen
Type-308 stainless steel following annealing at 700*C f or as short a time as 1 hour and at 600*C after a 10-hour anneat De -
can be attributed to the formation of chromium-depleted zones adjacent to Cr C. precipitates at the austenite-isstn

boundary. Following 100- and 1000-hour heat treatments at 475*C, pits no longer initiated at the austenite-fscrite inter *a:e(k
cold worked duplex Type-308 stainless steel but instead initiated within the ferrite phase. Such pits probably lo#
chromium-depleted zones adjacent to a' particles. The detection of these a' particles by the pitting potentialtest is of p( ,
interest since the formation of n' is certain to embrittle the alloy at the least and other workers have been unable to dotadM
presence of a' by the A262E test. This would further point to the efficacy of using the pitting potential test for assessrgf8

~

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

6.7.5 Conclusions

Heat treating Type-308 stainless steel at 1100*C for 1 hour and water quenching produced a solution a
austeniti; material. When subsequently heat treated at 600*C for 24 hours and water quenched, the ruard

1.

anneated for 1 hour at 1100"C contained grain boundary precipitates presumedio be MnC.. The atloy M
A262C and A262E tests, exhibited a very low pitting potentialin 0.1 M hcl, and was highly susce@8 I
intergranular stress corrosion cracking in 0.0113 H SO..2 r

3.Y6-26
#
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e

1;-

: 1:t
2- Heat treating Type-308 stainless steel at 1100*C for 1 hour followed by a 1000"C for 1 hour anneal produced an % '

Whtg austenitic alloy containing intragranular carbide precipitates. When subsequently heat treated at 600*C for 24

Nf4 hours, the material remained free of intergranular precipitates and the alloy passed A262E test and exhibited a ;

W high pitting potentialin 0.1 M hcl.
'

:g
Aglh 3 Presumably the lack of sensitization in the austenitic Type-308 stainless steel first anneated at 1000*C is due to

% the intragranular carbide precipitates which lower the carbon content of the matrix and inhibit low-temperature
wa4 (600 C) grain boundary carbide precipitation. p
% ,

% 4. The pitting potential was able to f ollow the various changes in microstructural features produced by the heat {^I'8% treatments given to duplex Type-308 stainless steel.
M41M) a. No pitting occurred in 0.1 M HClin duplex Type-308 stainless steel annealed at 800 and 900"C for times

of 1 to 100 hours. Correspondingly, no microstructural changes occurred in the alloy other than a e

..Nb decrease in tne ferrite content.

b. Pitting occurred at the primary austenite-ferrite phase boundaries and along the austenste-ferrite phase y,j

f boundaries created by the precipitation of Widmanst3tten austenite within the ferrite. Presumably this j
N pitting is associated with chromium depletion along austenite-ferrite phase boundaries due to MuC. j

'*% precipitation.
if paga Nb

D Pitting occurred within the ferrite phase of duplex Type-308 stainless steel annealed at 475*C for 100c.

[I L -
and 1000 hours. This pitting is undoubtedly due to the formation of the chromium-rich (up to ~90% Cr)

kn' phase which results in severe chromium depletion of the ferrite phase,
?S Jk

L3 SUBTASK 6 - DETERMINE THE EFFECT OF COLD WORK ON THE STRESS CORROSION CRACK SUSCEPT1- if.fgj

h,
_

BILITY OF DUPLEX STAINLESS STEEL g
3CWIW NH
gg Tho 20 duplex stainless stects listed in Tables 14 and 15 will be employed in studying the effect of cold work on the pg
gg - ess corrosion cracking susceptibility of duplex stainless steels. The thermomechanical processing of these alloys has 'kg

ema?, been described in subsection 6.4.2. Additionally,0.030-in. (0.075-cm) wire of Type-308 stainless steel from Heat yt;
2::M eiusts in the as-cold-reduced (38.97% reduction in area) state. A portion of this wire will be rectystallized and then the Q

- m'1 ittergranular corrosion, and stress corrosion cracking behavior of each will be studied as a function of subsequent ,pa*
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