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LEGAL NOTICE

This report was prepared by General Electric Company &s an account of work
sponsored by the Electric Power Research Institute, Inc. Neither the Electric
Power Research Institute, members of Electric Power Research Institute, nor
General Electric Company, nor any persons acting on behaif of either:

A Makes any warranty or representation, express or implied, with respect 1o
the accuracy, completeness, or usefuiness of the information contained In
this report, or that the use of any information, apparatus, method of process
gisclosed in this report may not infringe on privately owned rights. of

B Assumes any lLabilities with respect to the use of or for demages resulting

from the use of, any information, apparatus, method or process giscloend
in this report.
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ABS\ ACT

Full-size welded pipe screening tests have been conducted to evaluate the inter
granular stress corrosion cracking susceptibility of reference Type-304 stainiess
steel anc o+ 'didate remedies and protection methods. In addition, statistical pipe
test evaiue 1 of the most promising remedies and protection methods hes been
performed in the Pipe Test Laboratory. These methode include solution heat
treatment after butt weiding, application of a corrasion resistant cladding to the
pipe inside surface, and heat sink welding. Laboratory specimen parametric
studies and stress corrosion evaluations of the candicate remedies have sup-
plemented this work. Special studies included an analysis of elastic constraint in
the region of welds and an investigation of the effects of prior cold work on strain to
surface fracture. Corrosion and oxication potential erectrochemical studies on
Type-304 stainless steel and platinum as & function of oxygen level and tempera-
ture have been conducted both in the laboratory and in an operating BWR. Strain-
ing electrode measurements were made on reference Type-304 stainiess steel and
the candidate remedies. A topical report describing the effect of ferrite on the
intergranular corrosion behavior of Type-308 stairless stee/ anc presenting a
model explaining the improved resistance of duplex stainiess steels 10 inter-
granular stress corrosion cracking is presentec in this final regort.
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1. SUMMARY

During this program, significant technical data have been generated and are presented in this comprehensive
final report. Highlighting these results are the following:

. Laboratory full-size pipe and small specimen screening tests of reference Type-304 stainless steel and
potential pipe remedies.

. Laboratory full-size pipe tests representing the statistical pipe test program for reterence Type-304
stainless steel and the candidate pipe remedies.

. Laboratory strass COrrosion cracking and degree of sensitization measurements on small specimens
removed from welded pipe sections of reference Type-304 stainiess steel and the candidate remec es

. Elastic weld constraint computer modeling

. Elastic weld constraint high temperature welded pipe segment tensiie tests.

. Studies of the effect of surface condition on the strain to cracking of Type-304 stainiess stee
. In-reactor electrochemical potential measurements of Type-304 stainless steel

. Laboratory electrochemical potential measurement and straining electrode measurements of Type-304
stainless steel and the candidate remedies

. A topical report summarizing the results on the intergranular cOrrosion and stress corrosion cracking
behavior of microdupiex stainiess steels.

The following subsections (1.1 through 1.4) summarize the work performed
1.1 TASK 1 — SCREENING MEASUREMENTS

Stress corrosion tests have been conducted nn full-size welded pipe sections of 10.16-cm (4-in) diameter
Schedule 80 Type-304 stainiess steel and candidaie remedies 1o evaluate their resistance 10 intergranular siress
corrosion cracking in boiling water reactor (BWR) environments. The following remedies have been shown 1o
considerably reduce intergranular stress corrosion cracking susceptibility These rem~dies are oescribec in Section
2.0, Program Objective.

Solution heat treatment of weided pipe,

application of corrosion-resistant cladding to pipe inner surface prior to welding, and
apriication of heat sink welding techniques durng pipe welding

Alternate materials (316L, CF3, 347, 304L)

R

Aseries of 11 full-gize pipe tests have been performed to screen remedies. These tests have included four cyche
axial loaded pipe tests in the Large Environmental Fatigue Test Facility, two 4-point bending pipe tests in the CL-4 test
tacility, and six cyclic axial loaded pipe tests in the Pipe Test Laboratory. Figure 1-1 accelerated test conaitions were
used (o reduce the required testing time to failure. These accelerants incluced high strecs cyclic loading, high oxygen

water environments, heavy grinding on the inner surface weld heat atfected zones, and in some welds, high weid heat
input.

Small specimen stress corrosion tests (constant load and constant extension rate) have been performed on a
variety of sampies machined from pipe weldmants. A summary of small specimen results is as follows:

« All three heets of Type-304 stainiess steel used for Task 2 of this program were susceptible 1o inter

granular stress corrosion cracking. 9 00 l 4 0 S 8
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The lzboratory specimen degree-of-sensitization and stress corrosion cracking tests showed no suscep-
tibility to IGSCC for the shop corrosion-resistant cladding remedy (solution hea' treatment of initial
cladding deposit).

The heat sink-welding protection method and the field (as deposited) corrosion-resistant cladding
exhibited some susceptibility to IGSCC in constant extension rate tests. in constant load tests the field
corrosion-resistant cladding has not failed in over 5,700 hours while reference Type-304 stainless steel of
the same heat failed in 250-500 hours. Heat sink weiding has shown inconsistent behavior in constant
load samples; some samples failec by IGSCC, others did not.

The CF-8 heat of material used in this investigation failed by intergranular stress corrosion cracking in
the annealed and welded condition in the constant extension rate test. In addition, this heat showed
transgranular stress corrosion cracking initiation in constant load tests. These failures are contrary 10
previous experimental results, and to the sxpected behavior of CF-8. The reason for this unique behavior
is not fully understood

1.2 TASK 2 — STATISTICAL PIPE TESTS AND SPECIAL STUDIES

Twelve reference and remedy pipe specimens were fabricated and testec in e Pipe Test Laboratory A
statistical basis for evaluation of results was established which allowed calculation of tactors of improvement for
remedies versus reference pipes. Table 1-1 the four heat sink weids fabricated at Bechtel Corporation under Task 1
were also inciuded in the statistica! studies. In addition, small laboratory welded specimens of reference Type-304
stainless steel were placed on test in the Variable Load Facility, examining the effect of stress and cyclic frequency on
the IGSCC behavior of reference as-welded Type-304 stainiess steel Special stucies included studies of elastic
constraint and an investigation of the effects of prior cold work on the percent strain required to produce surface
fissures. Highlights of these tests include the following:

1.

Both the solution anneal after welding and the solution annealed corrosion-resistant ciac remedies
appear to offer improved resistance to stress corrosion cracking by factors of 46 or more on one heat of
Type-304 stainless stee!

The as-deposited corrosion-resistant clad remedy appears to have demonstratec a minimum improve-
ment factor of approximately seven, based on data obtained from the worst reference heat of matenal
which was sensitized in the mill anngaled condition

Based on limited test exposures, the heat sink welding remedy has demor.strated an improvement factor
of 8.7 at this time. The true factor of improvement for this remedy m2; e significantly greater than this
value.

Within the range of carbon contents namqlly encountered in Type-304 stainiess steel, the specific
carbon content of a particular heat may significantly affect its resistance 1o stress corrosion

The absolute stress level at which specimens are tested may exert a significant influence on time 10
initiation of stress corrosion cracking, based on evaluation of three heats of one nominal composition

Cycling rate does not significantly atfect times to failure of small specimens over the range of 06710 3.35
cycles/hr. However, cyclic loading greatly decreases the variance in times 1o failure, as comparec 10
constant loading at the same stress levels. This increasec variance often results in longer mean failure
times for constant load samples when compared to cyclic loading

Cycie shape significantly atfects the times to failure of small specimens stressd 10 the same maximum
stress level at the same cycling frequency. The results indicate that time at maximum stress IS the
controlling factor in stress corrosion cracking initiation.

90014060
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Table 1-1
Factor of
Heat Remedy improvement
M7616
(0.060% C) Solution Heat Treatment 463
Corrosion-Resistant Cladding 482
(solution annealed)
Corrosion-Resistant Cladding 6.6
(as-deposited) 1
Heat Sink Welding 83
MO083
(0.050% C) Solution Heat Treatment 46
Corrosion-Resistant Cladding 6.0
(solution annealed)
Corrosion-Resistant Cladding 60
(as-geposited)
454570
(0.042% C) Solution Heat Treatment 1.6
Corrosion-Resistant Cladaing 16
(solution annealed)
Corrosion-Resistant Cladding 1.7

(as-deposited)

‘Based on hirst failure

1.3 TASK 3 — ELECTROCHEMICAL MEASUREMENTS

The studies described herein were aimed at providing understanding and predictability cagability of the
environmental aspects of intergranular stress corrosion cracking of welded Type-304 stainiess stee! in boiling water
reactors. Electrochemical techniques were used in performing both in-reactor and laboratory experiments, In
aqueous systems the etfect of the environments on metals can be characterized by the electrochemical potential and
pH. Because the pH was known, or in a few cases determined, the elecirochemical potentials of Type-304 stainless
stee! were eithe. measured or controlled. In order to accomplish this end, a silver/silver chionde reference electroce
was developed that could measure potentials from room temperature to about 300°C (572°F). The potentials ware then
converted to a standard thermodynamic scale and this conversion allowed direct comparison of potentials regardiess
of whether they were determined in a nuclear reactor or the laboratory

At the Vermont Yankee Boiling Water Reactor, corrosion potentials and supportive chemical analyses of the
reactor water were determined during a reactor start-up. The corrosion potential of Type-304 stainiess steel curing
reactor startup is shown in Figure 1-2. It was found that the potentials at low temperatures, jess than about 125°C
(257°F), were considerably higher than those which could be accounted for from just dissolved oxygen. A shitt of
potentiais and weter chemistry transient caused by the unexpected gdecomposition of ion exchange resins in the
reactor during start-up were aiso measured.

» 90014061
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In the laboratory. carefully controlled experiments were performed where the dissolved oxygen was varied in
water and the poten'ial response was determined At low temperatures the etfects of combinations of H,0, and O,,
which simulated reactor environments, were measured. From the laboratory and in-reactor experiments, it was found
that at low temperatures the potential of Type-304 stainiess steel was determined by the specific combination of H,0,
and O, Above approximately 150°C (302°F), the corrosicn potentials were determined by the dissolved oxygen
concentration. Dissolved hydrogen had a negligible effect on corrosion potential but an increase in hydrogen ion as
caused by the resin decomposition increased the corrosion potential to a region where the susceptibility to IGSCC
increased significantly

At any temperature, an increase in oxygen concentratinn caused an increase in potertial The effect was mos!
dramatic for the potential/oxygen experiments conducted at 232°C (450°F) and 274°C (525°F) where, as shown in
Figure 1-3, the potential increased about 0.75 V as the dissolved oxygen was increased from 10 ppb to 8 ppm. These
large differences in potentials can be used to determine potential driving forces for IGSCC and calculating concentra-
tion factors in crevices.

_V\

1GSCC

0.9% IGSCC

0.1 1GSCC
0.7 IGSCC

~200 peem
0.1 1GSCC

NO IGSCC

NO IGSCC

ES“E—HV

-400

- Cood gl gl
0 10 100 1,000 10,000

Ozwb

Figure 1-3. The Effect of Dissolved Oxygen on the Corrosion Potential and IGSCC of Type-304 Stainiess Stes/
(Average Curves)
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Since the range of potentials equivalent to specific oxygen concentrations and reactor environments were now
known, straining electode experiments could be performed where the potential of & sample strained continuously,
was controlied. For a specific heat of Type-304 stainiess steel, it was found that in the as-weided condition IGSCC
occurred at 274°C (525°F) at potentials equivalent to or greater than a dissolved oxygen concentration o about 50
ppb. Although this heat was known 1o be highly susceptibie to IGSCC, it was found that with decreasing temperature
the stress corrosion process for the as-welded condition became more ditficult (required higher strains {0 initiate
IGSCC). It is postulated that for alloys in & more susceptible metallurgical condition, for axample, such as welding
foilowed by a low temperature sensitization (LTS) or the furnace sensitized condition, initiation and propagation of
IGSCC could proceed more easily at tha lower temperatures

Although IGSCC was the major mode of failure when stress corrosion occurred, transgranular cracking was
often detected Short transgranular cracks occurred efther as & result of cold work, (cracks at the root of machine
grooves) or after a significant amount of strain during the test had occurred.

In addition to determining the effect of potential (equivalent oxygen concentration) on the IGSCC susceptibility
of welded stainiess steel, the straining electrode test was used to evaluaie proposed pipe remedies and alternate
alioys. At potentials that would result in earty IGSCC tailures of welded Type-304 stainiess steel, it was found that the
corrosion-resistant clad and solution heat treat remedies as weil as the as-welded Types-304L and CF3A (cast 304L)
provided almost complete immunity foward IGSCC.

Potentiokinetic curves (anodic polarization curves) were performed to increase Our understanding of corro-
sion behavior of the stainless steel and its sensitized grain boundaries. The grain boundary behavior was studied
indirectly with experimental alioys whose, bulk composition approximated chromium depleted grain boundaries
(contained <18% Cr) of sensitized stainiess steel From the presence or absence of the active-passive transition of the
experimental alloys it was deduced that below some low temperature (~150°C) (302°F) IGSCC would be restricted toa
narrow potential range With increasing temperature, the alloy corroded actively above some minimum polarizing
potential This indicates that above some corrosion potential or minimum oxygen concentration, IGSCC would occur
over a broad potential range with increasing severity

While much of the straining electrode test data can be applied to study the effect of the reactor start-up
transient on IGSCC, a more direct approach was sought. An electrochemical/constant load system was built that can
directly determine the effect of the changing start-up environment on the tendency toward crack initiation Initial
studies have shown that in a simulated BWR aerated start-up, complete IGSCC can occur on furnace sensitized
Type-304 stainiess steel in less than six hours The start-up tests will help determinc the proper environmental control
to prevent crack initiation of weided Type-304 stainless steel during real BWR start-ups

1.4 TASK & — FERRITE EFFECT STUDY

In-reactor experience and numerous laboratory studies conducted in simulated boiling water reactor environ-
ments have indiceted duplex stainiess steels to be much more resistant to intergranular stress corrosion Cracking
than austenitic stainiess steels. This program has sought to determine those metaliurgical conditions responsible for
this resistance to stress corrosion cracking in the various boiling water reactor environments. in particular the
mechanism of carbide precipitation in dupiex stainiess steels was determined as was the critical amount anc
distribution of ferrite required to inhibit intergranuiar stress corrosion cracking (IGSCC). To expedite testing of a large
number of duplex alloys to provide foundry personnel and fabricators with an easy technique for assessing the IGSCC
resistance of duplex alloys, several corrosion and electrochemical tests were examined for their ability to detect and
screen out duplex alloys and/or heat treatments highly susceptible o IGSCC

The corrosion behavior of duplex 308 stainiess stee! as s function of aging treatment was measured by ASTM
practices A262A, A262C, and A262E, by its potentiodynamic and galvanostatic pitting behavior in 0.1N HCI and
compared 10 the stress corrosion cracking benavior of specimens pulled at slow strain rates in air saturated water at
288°C. The corrosion behavior of 308 stainiess steel in A262E and its pitting behavior determinad galvanostatically in
C.1N HCI correlated extremely well with the stress corrosion cracking behavior in air saturated water at 288°C

90014064
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The mechanisms of carbide precipitation and intergranular corrosion in duplex stainiess steel were deter-
mined from experiments performed on 308 stainiess steel which was given four ditferent high temperature heat
treatments to introduce four ditterent ferrite levels, 0 v/o. 1 v/o, 10 vio and 20 v/o. Whereas M,,C, precipitation occurs
intergranularly during aging of austenitic Type-308 stainiess steel, no M,,C, precipitation occurs along austenite-
austenite grain boundaries in duplex Type-308 stainless steel containing suitable amounts and distributions of ferrite.
Instead, in duplex Type-308 stainiess steel containing a critical amount and distribution of ferrite, M,,C, precipitation
occurs exclusively along austenite-ferrite phase boundaries. This is because chromium ditfusion is the rate determin-
ing step in the precipitation reaction. Since chromium ditfusivity is approximately 1000 times greater in the ferrite than
in the austenite at 600°C, M,,C, forms first aiong austenite-ferrite boundaries (there are no ferrite-ferrite grain
boundaries, since each ferrite region is a single grain) probably by both chromium and carbon diffusing from the
ferrite. The carbon in the ferrite is quickly reduced to the solubility limit and subsequent carbon comes aimost
exclusively from the austenite, thereby depleting the austenite grains of carbon, and preventing any carbide
precipitates from forming along austenite-austenite grain boundaries. Although the chromium in the M;C,
precipitates is supplied principally by the ferrite phase, a small but significant amount of chromium is contributed by
the austenite phase. The latter results in localized corrosion of the austenite-ferrite boundary in the A262E test. That
the chromium-depleted zone lies on the austenite side of the austenite-ferrite interface is demonstrated by the fact
that pits initiate there during galvanostatic pitting gxperiments in 0.1N HC!. The chromium-depleted zone formed in
the austenite adjacent to the carbide formed along the original austenite-ferrite interface is very narrow relative to that
formed adjacent to intergranular M;,Cy in fully austenitic Type-308 stainiess steel. Consequently, the chromium-
depleted zone is quickly replenished by chromium dittusing from the interior of the austenite. When the chromium
level has been replenished to above a critical value (occurs within 8 hr at 800°C), the material is immune 10
intergranular corrosion in A262€ and IGSCC in air-saturatec water at 288°C.

Decomposition of the ferrite phase occurs durng the above heaiing process. After aging at 600°C for times
longer than 2 hours, the ferrite phase decomposes into cellular y+MyC, starting at the original a-y interface. The low
chromium content of the austenite phase (=14 wt%) in the cellular y+ Mz C, zONe results in localized corrosion attack
of this region in the A262E test. With continued decomposition, the limited carbon supply of the ferrite phase 18
exhausted and the ferrite transforms solely to austenite by rejecting chromium back into the bulk ferrite. The
chromium-enriched zone of ferrite at the new austenite-ferrite intertace then transforms o . The remaining ferrite
transforms to a duplex structure of austenite plus ferrite. The presence of o prase did not result In SCC in
air-saturated water at 288°C.

When duplex Type-308 stainiess steel is aged at 480°C, the chromium possesses insutficient mobility for M;,Cy
to form. Instead, an extremely fine chromium-rich precipitate a’, torms throughout the ferrite. When specimens aged
for 100 hours at 480°C are tested in A262E, the chromium depletion of the ferrite phase resulting from o’ precipitation
causes concentrated attack of the ferrite regions. However, the presence of a' did not adversely attect the SCC
resistance in SERT.

Based on the above mechanism of intergranular carbide precipitation and intergranular corrosion in dupiex
stainiess steel a model is developed which describes the intergranular corrosion behavior as a function of the carbon
content anc the amount of distribution of a~y doundary area. Alloys containing a critical amount of distribution of
austenite-ferrite boundary area develop a sensitized microstructure and subsequently undergo a healing pnenom-
enon very rapidly during isothermal aging treatrnents (e.g.. within 10 hr at 600°C). Rapid healing is essential for alioys
used in components which must receive a nitriding or stress relief annealing treatment at sensitizing temperatures
The critical amount of a—y boundary area required for rapid healing is that amount which is sufficient to tie-up all of
the available carbon as M,,C, exciusively along a-y boundanes. The critical distribution of »~y boundary area
required for rapid healing is that which places each carbon atom in the austenite phase wit™ n ¢ dittusion distance
of an a~vy boundary. Both the amount and distribution of a—~y boundary area can be exr od as a function of the
metailographic parameter, N, The latter is a measure of the number of intercepts a rancc  lest line makos with a=y
boundaries per unit length of test line Figure 1-4 plots the vaniation in N, with %C that is required t7 maintain a critical
amount of a—y boundary srea (straight-line labeled S.) as well as that which is required to provide a critical
gistribution of a—y boundary area (curve labeled A ). The value of N, required for rapid healing is the higher of the two

90014065
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Figure 1-4. The Infivence of N Y on the Intergranular Corrosion Behavior of Aged Samples of Wrought and
Weld-Deposited Type-308 Stainless Steel

At low carbon contents the critical gistribution criterion is limiting and at high carbon contents the critical amount
criterion is limiting. The circles in Figure 1-4 represent data obtained on wrought heats of Type-308 stainless steel and
the triangles represent dats oblained on weid deposits of 308. Closed points indicate rapid healing and open points
indicate no healing within 10 hrs. at 600°C.

The mode! was extended to predict the amount and distribution of a~y boundary area required to produce an
alloy which is immune o sensitization. Forsuch an alloy, no aging treatment can producea sensitized microstructure
The critical distribution criterion is the limiting factor in the case of an immune alloy and is shown in Figure 1-5 along
with the critical distribution criterion for rapid nealing which was depicted in Figure 1-4. The two points representec
by stars were immune to sensitization The data are fairly well described by the theory
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2. PROGRAM OBJECTIVE

The contract RP701-1, covering an agreement between the Electric Power Research Institute and the General
Electric Company, describes a two-year program 10 verity the reliability of one or more near-term remedies {0 the
boiling water reactor pipe cracking problem. The aim of the program is to provide a sound statistical basis with which
10 demonstrate that one or more of the recommended remedies will provide immunity to intergranular stress
corrosion cracking of welded piping in boiling water reactor environments.

21 DESCRIPTION OF NEAR-TERM BWR PIPE REMEDIES

This program investigatec 1e intergranular stress corrosion cracking performance of reference Type-304
stainiess steel and several candidate near-term piping remedies in both pipe tests and specimen tests in simulated
boiling water reactor environments. The list of pipe remedies with a description of the procedure for application in
weided piping and the rationale for consideration follows.

21.1 Solution Hest Trestment of Pipe Butt Weids

it has been demonstrated by the General Electric Company and by other organizations that weld sensitization
of some heats of Type-304 stainiess steel piping combined with high stress (or plastic strain) produces conditions for
intergranular stress corrosion cracking in the boiling water reactor environment. Further, mill-annealed and solu-
tion-annealed Type-304 stainiess steel piping i1s believed to be immune to intergranular stress corrosion cracking in
the BWR boundaries. A prime pipe-remedy for welded Type-304 stainless steel piping systems is therefore to solution
heat treal the pipe welds. Solution heat treatment of the pipe welds, in addition to elimingting weld sensitization. also
relieves the weld residual stresses. Wherever possible, solution heat treatment of pipe welds in requisition plants has
been performed in the pipe fabricator's shop according 1o procedures approved by the General Electric Company

The procedure for applying solution heat treatment is presented in Figure 2-1. Here, the pipe is butt weldec as in
the case of reference Type-304 stainiess steel No unusual welding controls are employed during welding. Following
the butt weiding operation, the entire pipe segment is solution anneale¢ at 1900 to 2100°F (1038 to 1148°C) for 15
minutes per inch of thickness but not less than 15 minutes nor more than 1 hour regardiess of thickness, followed by
quenching in circulating water to a temperature below 400°F (204°C).

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

The intergranular stress corrosion cracking observed in the bypass, anc core o'y lines of operating BWR
plants has been exclusively associated with weld-sensitized or furnace-sensitized components. The cardbide
precipitation observed in the haat affectec zone inside surtace is also present in the weld metal. However, the nature
of the duplex (sustenitic-ferritic) structure of the weld metal provides resistance to intergranular siress corrosion
cracking in the BWR, although carbide precipitation is present. In fact, intergranular stress corrosion Cracks
propagating from the weid HAZ are blunted when they reach the weld metal. A minimum amount of ferrite must be
present in the alloy to provide immunity to intergranular stress corrosion cracking in BWR water Based on General
Electric tests on duplex structures, the minimum ferrite level recommended to provide for the corrosion-resistant
cladding is 8% after final processing, including field welding

There are two variations of the proposed use of corrosion-resistant cladaing (Figure 2-2)
1. Where a solution heat treatment can be performed in the shop prior to the final field weld, the cladding
will consist of Type-308L stainiess stael with high initial ferrite (1o allow for reduction in ferrite during

subseguent solution heat treatment as shown in region A of Figure 2-2). The solution heat treatment is
then performed 10 eliminate potentially unfavorable residual stresses introduced during the cladding

90014068
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operation and to eliminate the modest sensitization expected in the region of the inside surface of the
Type-304 stainless steel immediately adjacent to the cladding. Following the solution heat treatment,
region B is deposited using Type-308L stainiess steel and the field butt weid is perforred as in the
reference Type-304 stainless steel butt welds.

2. Where & solution heat treatment cannot be performed (such as the final ciosure weld in a pipe repair of an
operating reactor), the cladding material would then be Type-308L stainiess steel with 0.030% carhen
maximum and 8% ferrite minimum. In this case, both regions A and B in Figure 2-2 would "«
identically. In addition the base material is tested by the electrochemical potentiokinetic reac
technique to assure that it is not sensitized prior to depositing the cladding

213 Application of inside Surtace Hest Sink Weiding Control During Welding

Field and laboratory intergranular stress corrosion cracking data reveal that high residual welding stresses
coupled with the applied stresses plus weld sensitization provide conditions for intergranular stress corrosion
cracking of Type-304 stainiess steel in the BWR environment. If a pipe can be weided without producing a sensitized
structure and high residual tensile stresses in the weld MAZ, the resuitant component will be resistant to intergranular
stress corrosion cracking in the BWR environmant. The inside surface heat sink weiding program was directed 1o the
gevelopment and qualitication of procedures that reduce the sensitization produced on the inside surface of weided
pipe, and reduce or change the state of surface residual welding stresses from tension to compression. This approach
can be »3ed in shop or field applications where either the solution heat treatment or use of a corrosion-resistant
clagding are not possible.

Laboratory Type-304 stainiess steel buft weids have been produced by General Electric licensees evaluating
the inside surface heat sink weiding technigues. It has been found that inside surtace tensile surtace residual stress s
reduced substantially ar changed from tension 1o compression as a result of this approach

The insige surface heat sink welding program can be performed using still water, flowing or turbulent wate’. or
water spray cooling of the inside suface by means of a sparger arrangement Figure 2-3. In all cases, the water cooling
is applied following the initial root weld layer deposit. The weld is fabricated with normal field welding practice but
with the addition of the inside surtace water cooling following the root pass.

2.1.4 Other Remedies

Several other remedies were developed and tested during the Screening Task of this program. These remedies
were all designed 10 address sensitization and or stress, both of which are contributing factors to stress corrosion
cracking

ftem

Backlay (joint reinforcement by weld deposit)

Polishing/Conditioning Inner Pipe Surface

Extended Weld Bevel Constraint

Reduction in Weld Heat input

Pre-Weid Solution Heat Treatment of Pipe

Alternate Materials

Ettect of Low Temperature Heat Treatment

Material Composition Factors (ASME-SA312, Type-304 pipe with varying carbon content)
Mill Fabrication Variations (seamiess pipe vs rolled and welgecd)

R R

22 TASK OBJECTIVES

The work under this contract is divided into four major tacks These tasks and a brief description of the tasa
objectives are as follows.

» 90014070
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%21 Task 1—Screening Messurements

The objective of this task was 10 pertorm tull-size-pipe and laboratory specimen screening tests of several
proposed pipe crack remedies to identity the most promising candidates for gtatistical verification in the pipe testing
phase of the program. The screening tests were performed in high purity, 5S0°F (288°C) oxygenated water at high
stress using severe fabrication, process, and mechanical loading conditions to demonstrate a clear performance
improvement of the remedy as compared 10 the reference Type-304 stainless steel piping specimens.

222 Tesk 2—Statistical Pipe Tests and Special Studies

The objective of this task was to verify the reliability of one or more of the candidate pipe remedies through
tull-size-pipe testing of sutficient scope so as to provide a statistical demonstration of significant margin improve-
ment of the remedy. The testing was performed in 550°F (288°C) high purity oxygenated water at sutficient stress so as
to cause the reference Type-304 stainiess steel welds to fail. Chemical, electrochemical, and metaliurgical acceler-
ants were used 10 simulate worst case conditions and to increase the speed of data gathering

223 Task 3—Electrochemical Messurements

The objectives of this task were 10: (1) determine the corrosion potential of Type-304 stainless steel anc remedy
materials and systern oxidation potentials in BWH reactor environments, (2) determine the range of potentials for
stress corrosion cracking susceptibility, and immunity in simulated BWR environment; and (3) couple the labaratory
and in-reactor measurements to assure the validity of the statistical pipe verification test program (Task 2). In-reactor
test data on Type-304 stainless steel during startup, operation, and shutdown conditions were used to set the
minimum laboratory system potentials for Type-304 stainiess steel and the remecy materials. In addition, a rugged
reference electrode was developed for BWR application. which can operate for extended periods of time over the
range of temperatures that exist in the BWR environment.

2.2.4 Task &—Ferrite Studies

The objective of this task was to perform fundamental metallurgical studies to evaluate the role of ferrite on the
resistance of duplex stainiess steels to intergranular stress corrosion cracking in the BWR environment. The aim of
this task was to identify the metallurgical conditions responsidle for the increased resistance of duplex stainiess
steels to intergranular stress corrosion cracking in high purity oxygenated water

90014072
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3. TASK 1 — SCREENING MEASUREMENTS
3.1 INTRODUCTION

The data developed in Task 1 are based on a minimal number of test coupons and a maximum number of
remedy concepts (screening function).

Essentially the screening information was developed from 4-in. “Schedule 80 pipe” (10.16 cm) weidments
tested in low cvcle rate, tension in excess of the pipe yield strength at the BWR service temperature and in a BWR
simulated environment which addec oxygen as an accelerant. The scope of tull size pipe screenirg tests can be
outlined broadly as follows:

Part 1 Early exploratory pipe weld tests (LEFT and CL-4 Loop)

Part2 Four weldments (E19A, E198, E20A and E20B) of 12 welds each fabricated to evaluate the heat sink
weld concept.

Part3 One weldment (E21-A) of 12 test welds fabricated to evaluate the use of weld additions (corrosion-

resistant clad — backlay — extended weld crowns/bevels).

Part 4 One welgment (E21-B) of 12 test welds fabricated of alternate materials or specially heat treated
materials.

The early exploratory pipe weld tests were pertormed initially by four point bending in an existing environ-
mental corrosion test loop identified as CL-4. Appendix A describes the fixture and conditions of testing. These tests
proved that field induced IGSCC could be duplicated in Type-304 stainiess steel weids in a full-size pipe test in the
laboratory. This technique was further refined and an axial tension test method was developec in a large environ-
mental facility (LEFT). Appendix B describes the test machine and conditions of testing. Early screening tests of pipe
erack remedies were conducted in the CL-4 and LEFT loops.

From this single pipe LEFT tensile test capability an entire pipe test laboratory (PTL) tacility evoived capable of
testing 72 weldments simultaneously. Appendix C describes the PTL facility, test fixture and test conditions. The final
six screening test weldments were environmentally tested in the PTL. A drawing of a test stand is shown in Section 4
(Task 2) of this report.

3.2 DESCRIPTION OF PIPE REMEDY CONCEPTS SCREENED

The concepts for solution heat treatment, corrosion-resistant cladding and heat sink welding were describedin
Section 2.1. Other concepts tested are discussed in the following paragraphs

3.2.1 Weid Overiay Reinforcement At the Pipe Joint Outside Diameter (Backlay)

The addition of weld reinforcement over the joint area after butt welding (backlay) reduces service stress atthe
MAZ location where stress corrosion occurs. A sketch of the concept is given in Figure 3-1. A backlay can aiso provide
some residual inside diameter compressive stress if coupled with water cooling on the pipe inner surfaceduring weld
deposition and offer some crack arrest capability, if the weid composition produces a duplex (ferrite phase) structure
in the backlay. This remedy may present uitrasonic inspection ditficulties

“Backiay is visuaiized as a method for providing an added safaty margin to pipe joints now in service, and i
can be applied wherever access permits.

90014073
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3.22 Special 1.D. Conditioning Tests

In some cases field failures at Type-304 stainiess steel pipe weld HAZs were associated with a disruption and
cold working of the surface by rough grinding. Tests were proposed to evaluate technigues of reconditioning ground
heat atfected zones and other techniques of improving the original surface condition of i.d. heat atfected zones.

Among these were polishing previously rough ground surfaces, gritblasting surfaces, fine flapper sanding. and
skin fusion of cold worked surfaces.

3.23 Extended Weld Bevel to Provide Constraint Above the Weid HAZ

By extending the outside diameter weld crown width over the inside diameter weld HAZ, a reduction in service
imposed stress at the ‘sensitized’’ zone was envisioned. This constraint by the wider weld crown is due to the higher
strength of weid metal compared 1o pipe base metal. Figure 3-2 illustrates the concept
3.24 Weld Heat Input Controis

Intergranular Stress Corrosion Cracking (IGSCC) initiation has been directly related to precipitation of grain

boundary carbides by weld heat. Lower heat input by weld practice control was proposed as a technique (o reduce
grain boundary carbides and provide added margin against IGSCC initiation.

90014074
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Figure 3-2 Extenced Crown Weld Technique

3.2.5 Pre-Weld Solution Heat Treating

Weld heat effects superimposed upor. improper mill annealing were considered a possibie accelerator of
IGSCC. Selected susceptible pipe sections were re-solution annealed by laboratory practices just prior 1o butt
welding of test specimens to evaluate this concept.

3.2.6 ARlernate Materials and Chemical Variations

Stress corrosion cracking in BWR service has not been a problem in as-welded austenitic stainiess steels
containing molybdenum, carbide stadilizers, small amounts of ferrite or reduced carbon content (carbon <0.045%)

Screening tests of these materials in the accelerated pipe test laboratory conditions were proposed in
preparation for qualitying them by statistical testing. Selected alloys were

Type-304 stainless steel — 0.08% carbon maximum

Type-316 stainiess steel — 0.08% carbon maxinum - (normal carbon)
Type-316L stainless steel — 0.03% carbon maximum

CF-8 stainless steei — 0.08% carbon maximum = (normal carbon), high ferrite
CF-3 A stainless steel ~— 0.03% carbon maximum — (low carbon), high ferrite
Type-347 stain/ass steel* — 0.08% carbon maximurm — stabilized carbon

Type-304 L stainiess stee! — 0.03% carbon maximum 900 ' 4075

* Inctuding 347 stamieas steel filler metal.
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3.9 EQUIPMENT AND MATERIALS
331 Materials
Materials used in individual weld joints are described in fabrication documents.
33.1.1 Pipe Test Materials
The basic pipe size for all environmental “full-size” screening tests was the four inch s="edule 80(10.16 cm).

The basic pipe material was ASME SA312, Type-304 stainiess steel. Thic material was obtained in the mill
annesied condition in several miil heats and from varying manufacturers. The majority of tests were performed onone
heat from BAW. Tubular Products Division (Meat M7616) which was found to be particularly susceptible to inter-
granular stress corrosion cracking™. The reasoning for selecting the most susceptible heat of Type-304 stainless stee!
10 perform screening tests for pipe crack ramedies was to evaluate these concepts in a8 ‘'worst case’' condition

The identification and certified chemical analyses of Heat M7616 and other significant pipe heats used in
screening tests are given in Appendix D.

3.3.1.2 Waeiding Msterials

The basic weld filler metal for joining Type-304 stainiess steel pipes in screening tests was Type-308 stainless
stee! in sarlier test welds and Type-308L stainiess steel in more recent pipe tests. Since in no instance was there a
tailure in weld metal, the filler metal compositions will not be discussed in detail. The more recent Type-306 ang 308L
filler metais were procured to 8FN minimum ferrite content, but earlier materials were not procured to aspecific ferrite
content.

3.3.2 Equipment

The equipment for fabrication and testing is described in the original procedure documents. Typical equipment
employed from a basic aspect include welding, weld inspection, pipe testing and metallurgical evaluation equipment

3.3.2.1 Welding

Manual gas tunysten arc welding equipment for the butt weld root pass and secor d layer
Manugl shieided metal arc welding equipment for all additional butt weld layers.

Machine gas tungsten arc welding equipment for most heat sink weld joints.

Weld positioners.

Ll o o

3.3.2.2 Weld Inspections

1. Ultrasonic test equipment to perform “‘baseline ' and in-service inspections
2. Liquid dye penetrant methods for weld fabrication control
3. ACoustic emission in seiected tests,

$.3.2.3 Pipe Testing

1. Four point bend test fixture (early exploratory tests) See Appendix A,

2. Large environmental fatigue test (LEFT) facility (early exploratory tests) Appendix B

3 Hydraulic tensiie test modules specifically designed for these pipe tests in conjunction with environ-
mental control loops (CL-4 loop and Pipe Test Laboratory loop). Appendix C.

= ASME SA312. Type-304 stainkess steel haats rom other venders in this same carbon contant range (005 to 0.08%) were aiso found t be susceotble

90014076



3.3.2.4 Metaliurgical:

1. Scanning electron microscope
2. Optical microscopes.

NEDC-21463-5

3 Normal Miscellaneous Metallurgical Laboratory Equipment.

3.4 FABRICATION & WELDING

3.4.1 Summation of Neldments and Test Welds Fabricated In Screening Activities

Forthe preparation of test pieces, a detailed fabrication procedure was written for each waldment to govern the

shop activities incluging welding Tables 3-1 and 3-2 list

were fabricated for screening and investigatory purpose

Tabie 31

17 weldments containing a total of 136 test weld joints that

s. in these charts, identification is provided for each weld

SUMMARY OF EARLY EXPLORATORY SCREENING TESTS

joint.
Hem Identification of Weldment

1 First LEFT (Lab No. 3)

2 Second LEFT (Lab No 4)
3 Thirg LEFT (Lab Ne. 23)

4 Fourth LEFT (Ladb No. 41)
5 First 3 point Bend Test

(Lab No. 9 & No. 10)
(] First 4 point Bend Test

(Lab No. 11 & No. 12)

7 Second 4 point Bend Test
(Lab No. 29 A&B)

8 Third 4 point Bend Test
(Lab No. 36)
9 56-G

10 48C (E198)

1" E19B-8

* IGSCC = Intergranuiar Stress Corroson in Packing
* 88 « Stainiem Steel

= SHT = Solution Mes! Treatment
= CRC = Corromon Resmtant Clacoing

2

of

Test Welds

35

Purpose of Test

To duplicate IGSCC* in a laboratory test
using a 304 pipe heat which cracked
in the field

e To test various heats of Type-304 S8
e To evaluate post weld solution heatl

treatment (SHT)

To evaluate corrosion resistant cladding
(CRC) at weld end. 'Preps

To evaluate Type-3168S and Type-CF8
To evaluate inside diameter (1.d.) water
cooling or heat sink welding (HSW)

To evaluate Type 316SS (as weloed)

e To evaluate Post Weld Low Temperature

Sensitization

To evaluate alternate materials of
Types 316 and 316L

To evaluate i.d. grinding on two heats of
Type-304SS in 3 Point Bend testing
To evaluate weld heat input atfects on
three heats of Type-3048S in 4 Point
Bend testing

To evaluate CF3 and CF8 alloys

To evaluate Post Weic SHT

To evaiuate Type-3085S CRC

To evaluate Types-312 & 308L CRC

¢ To evaluate pipe i.d. conditioning
* To evaluate counterbore machining

eftect on IGSCC initiation
To evaluate counteloore skin fusion
by GTAW

90014077
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Table 3-2
BUMMARY OF FINAL SCREENING TEST WELDMENTS

identification No. of
ftem of Weldment Test Welds Purpose of Test

12 E18A 1" Heat Sink and Reference Welds in
Type-304SS—Maximum Test Load
1.36 x 550°F (288°C) yield strength of
the 304SS pipe

13 E19B n Same as S19A except not polished on
i.d. after root pass

14 E20A n Heat Sink and Reference Welds in
Type 30455—~Maximum Test Load
1.10 x 288°C (550°F) yield strength of
the 304SS pipe

15 E20B 1" Same as E20A except not poiished on
i.d. after root pass

16 E21A 12 To evaiuate various corrosion resistant
cladding techniques

17 E21B 12 To evaluate various alternate materials

and heat treat practices

A lailures occured In the course Of IBStING. the fRed JOINT Wik weid reoained The entire weidmen! was renspected Dy U T techniques ana retumed
for continued testing

3.42 Welding Procedures and Test Pipe Configuretions

A control document detailing the fabrication of weids in each weldment is available. but is not inciuged in this
tinal report due to the bulk and also since thr procedures were previously presented in quanterly status reports, A brief
gescription will accompany a discussion of results,

3.5 PIPE TEST PROCEDURES

Although test techniques varied in the full-size pipe program in some weid tests, a general practice was
developed which was the base condition. Variations from the following described test procedure will be discussec for
individual tests when test results are reviewed:

3151 Four Point Bend Test (see Appendix A)
3.5.1.1 Environment Within the Pipe

High purity water with 8 ppm oxygen
288°C (550°F = §°)

Flow rate of 2 to 3 gpm
1285 psig

3512 imposed Mechanical Stress Cycle

: :A::;u: :t::: ';n excess of 288°C (550°F) yield strength 9 00 I 4 O 7 8
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3.52 Prototype Axial Tensile Test (see Appendix B)
3521 Environment Within the Pipe

. High purity water with B pprm oxygen

. 288°C (550°F) aversge

. Flow rate of 2 to 3 gpm

. 1235 psig
3.5.2.2 Imposed Mechanical Stress Cycle

. 0.67 cycles/hour
. 110% to 136% of 288°C (550°F) yield strength’

3.5.3 Finsl Axisl Tensiie Test Facility (see Appendix C)
3.53.1 Environment Within the Pipe

. High purity water with 8 ppm oxygen
. 288°C (548°F) average

3532 Imposed Mechanical Stress Cycle

. 0.67 cycles/hour
. 110% 1o 136% of 288°C (550°F) yiela strength®

3.6 SCREENING TEST RESULTS AND DISCUSSION

361 General

Testing in six screening weldments is still in progress at this writing. The present status of these tests is g/ven in
Table 3-3 and in more detail in Appendix E. In evaluating remedy results a breakdown will be made in terms of the
principal pipe crack remedy applied to the individual weld joint, rather than by the total weldment involved The
discussion will progress in the sequence of preferred corrective measure o those of lesser preference In the
following discussion it shall be understood the pipe material is ASME SA312 Type-304 stainless steel. commercially
produced. uniess a different material is specifically called out. The test technique is the tull-size pipe test. To establish
baseline congitions, reference welds were fabricated and conditions procucing IGSCC were evaluated This baseline
was used 10 determine the margin of improvement produced by various remedy concepts. It was found that in a
susceptible Type-304 stainless steel pipe with standard fabrication practices a through wall failure can occur at
approximately 100 cycles in a Pipe Test Laboratory pipe test with a stress maximum of 1.36 x 288°C (550°F) yield

strength (o,). Refer to Appendix E

37
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Tabie 3-3
FINAL PIPE SCREENING TEST RESULTS (1GSCC REMEDIES)
Four inch Schedule of Full Size Pipe Test

Four inch Schedule 80 Full Size Pipe Test

PIPE REMEDY AND WELDMENT ICENTIFICATION

TEST CYCLES
“00 800 1200 1600 2000
TS W N ST N 1 i e i e R T |
AE A NOTES
{ ) Plgzj i T e SO e " CONTINUVING INSIDE POLISHED
1.0y, LEVEL
mEF) == 3REPLACED 304 5 HT M7816
FFF SIX JOINTS OF EACH
e
e W “&— CONTINUING SAME A5 484
EXCEPT 1.100y
(REF) T - e ) REPLACED LEVEL
|
F ¥ 4
“a8C
(S ) N N e ——— e CONT INUING SAME AS 484
EXCEPT NO
(REF) [ v MEPLACED 4LL 6 REFERENCE JOINTS INSIDE POLISH
T
'u.n'
48D
(HSW) — e B R . rllrr/ﬁ‘_m:‘?'"UlNG SAME AS 488
EXCEPT NO
(REF) o REPLACED § REFERENCE JOINTS INSIDE POLISH
S 1
F ¥ F FF
oA 1360y LEVEL
' REP OTH JOINT 2JOINTS OF TYPE
(EX) = REPLACED B JOINTS 304 85 —HT M7816
ene gL ' INVOLVES SHT
(SHOP) B CONTINVING OR PIPE HAZ
JOINTS
cRre NO SHT -
(FIELD) =%~ | REPLACED, OTHERS CONTINUING 3 JOINTS ON
’ 304 85 — HT M78186
TWO BACK Y
o T e contivunG Te ok Teut
L3 1360, LEVEL
gl e T T i — i, D pae | JOINT (304 S5)
(10 BB K - i i el 3 JOINTS
3 -
@eu P ey i — 3 [e—10NT
K©r3) Z> . o e FINIIIIITY P I IIITIII - - e 1 JOINT
(247) E AP A A AT A e § el 1 JOINT
mu F Sttt ettt et e T —— e e r‘— 1 DINT
KEY:
F = THMROUGH WALL FAILURE BY 1GSCC L - BACKLAY
MEW -~ MEAT DINK WELD TECMNIQUE REF ~ UNPROTECTED TYPE- 304 55
CRC ~ CORMROBION RESISTANT CLAD HMEAT M7816
MAZ ~ WELD WEAT AFFECTED 2OWE SMT « BOLUTION HEAT TREATED

EX -~ EXTEMOED BEVEL

38 90014080



NEDC-21463-5

382 Post Weid Soiution Hast Treatment (EH4T) Results

To date no failures have occurred in Type-304 stainiess steel girth weld joints solution heat treated after
weliding (Figure 2-1). This includes pipe heats proven to be highly susceptible to IGSCC without post weld SHT. Early
exploratory weld joints using this practice were Joint G, 2nd LEFT test, and Joints A-B, A-C, A-D, A-E, B-3 and B-C in
the second 4 Point Bend Test. These 4 inch schedule BO pipe weld joints received the following test life before
termination and inspection:

SOLUTION HEAT TREATED WELDS

Material Test Type Maximum Test Stress” Cycles Hours
2nd LEFT Axlal Tension Test
Type-304 Stainiess Stee!  Joint G 1.360, & 1.75¢, 891 1384
2nd 4 Point Bend Test
Type-304 Stainless Stee!  Four heats, six heat 1.36 o, 136 2509

affected zones

* Percant of 288°C (S50°F) yweig strength in materisl tested

In view of these results the post weld solution heat treat remedy was recommended as a top candidate ‘or Task
2. the statistical proof test program

3.6.3 Corrosion-Resistant Cladding (CRC) Results

There are two principal techniques for applying 8 corrosion-resistant we'd deposit at the pipe 1.d. adjacent 1o
the butt weld The two types are shown in Figure 2-2.

The first option (involving SHT) is applicable to shop fabrication. The second option is applicadie to field usage
where SHT after cladding is impractical. These deposits may be applied either g3 8n overiay or an inlay.

To date, no failures have been encountered in screening tests using the 'shop’ CRC procedure which includes
SHT at the intertace of CRC and base pipe. In a screening test using “field” CRC (without the SHT option) a through
wall failure occurred at the junction of base pive and CRC deposit in one test.” These screening CRC joints received
the following test life:

Shop CRC: 435 cycles—833 nours without failure in susceptible Type-304 stainiess steel pipe
Fieid CRC. One failure at 337 cycies in susceptible Type-304 stainiess stael pipe (Meat M7618) *

Additional "tield”” CRC weld joints (No SHT) remain on test without failure thus indicating that a significant
margin of improvement is obtained for susceptibie heats of pipe. but "fieid’ CRC does not provide immunity in these
severe test conditions. The CRC involving SHT has to this date provided immunity with the test conditions and test
periods described.

As 8 result of these screening tests on two types of corrosion-resigtant ciad joints, it was recommended that
both concepts be included in Tasx 2 statistical proof testing. Table 34 lists the present status of CRC screening welas
in evaluating these results it should be kept in mind that this is an accelerated test and Type-304 stainless steel Hea!
M7616 weld heat atfected zones in the absence of a protective measure, started failing by IGSCC at iess than 100 tes!
cycies in axial tension type tests.

Wit E21A, Joirt K. R shoult! be noted that this heet (M7518) wee seneitized in the mill annesied condition pror 1o spphymg the heic CRC

90014081
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Teble 34
SCREENING TEST RESULTS — CORROSION RESISTANT CLAD WELDS
Cyclic CAC Type Description Maximum**
tsentfication Test Heout Inttis! Teost Test
Pipe MAZ®  Type Number Materisls  Design Sedn. SMT Stress Cycles/Mour  Status

Second LEFT  F1 Tensile M7616 E31288  Overlay No 1.7% 8911384  No Failure
Second LEFT F2  Tensie WM7616 E31288  Overlay Yes 1.7% B91/1384  No Fallure
Second LEFT M1 Tensile MT61€ E31288  Inley Yeos 1.78 89113864  No Feilure
294 E2 Bend™ WM7616 E300L-Mo  Inley ves 1.36 3263812  No Faillure
204 F1 Bend'™ MT7616 EJ09L-Mo  Inlay Yes 1.36 32003812  No Failure
298 E2 Bend™™ F50343 E1285  Iniay Yes 1.36 32873812  No Failure
298 F1 Bend™ F50343 E288 Inlay No 1.36 328/3812 No Failure
384 €1 Bend  Licenses 308L Inlay Yoo 1.36 292/2683  No Failure
364 C2 Beng  Licensee 308L inlay Yes 1.36 2022683  No Failure
64 D1 Bend  Licensss 30EL niey Yeos 1.36 202/2683  No Failure
364 D2 Bend Licenses 3081 mimy Yes 1.6 2022687  No Failure
68 C1  Bena  M7618 312/308L  inlay Yes 1.36 2022683  No Failure
268 C2 Bend M7616 J12308L.  Inlay Yes 1.36 2022683  No Failure
268 D1 Ben¢ M7616 308L inlay Yes 1.36 2022683  No Failure
8B D2 Bend M7616 308L Intay Yes 1.36 202/2682  No Failure
E21A(484) A2 Tensile M7616 E308L Overlay Yes 1.36 435/633 No Failure
E2TA48A) 81 Tensile WM7616 EJ08L Inlay Yes 1.26 435833 No Failure
E2VA45A) B2 Temsile M7616 E308L Short Inlay NO 1.36 435/633 No Failure
E2VA484A) E1  Tensie Licensee E30BL Overiey Yes 1.36 435632 No Falure
E21A484) E2 Tensie Licensee EJOBL Overlay Yes 1.36 435632 No Failure
E21A(484) F1  Tensie Liconsee E30BL Overiay Yet 1.36 435/833 No Failure
E21A(48A) F2  Tensile Licensee E30BL Overiny Yes 1.36 435633 No Fallure
E21A(484) " Tensile M7616 E308L Short Inley NO 1.36 435/633 No Failure
E2VA48A) 12 Tensile M7616 E308L Inlay No 1.96 435633 No Falure
E21A(48A) J Tensile M7618 EJ08L Inimy Yes 1.36 435/633 No Failure
E21A494) J2 Tensile MT7616 E308L Inlay Yes 1.3 435633 o Failure
E21A(494) K1  Tensile M7816 E309L Inlay NO 1.56 337460 Failec
E21A(404) K2 Tensile M7616 E308L Inaly No 1.8 435633 No Failure
E21A(484) L1 TEnsie M78616 EC38L Inlay Yes 1.38 435/832 No Failure

" Mea! sffecind zone

- S50 (2BE°C) yiwic strength of base pipe MURipiked by factor given
= Four cycles in mght hours

3.6.4 HMest Sink Welding (HSW) Results
$.6.4.1 Initis! Pipe Tests (Weldment 23 — third LEFT test)

The initial exploratory heat sink weld joints caused some confusion due 1o post weld root grinding in two
quadrants of the internal circumierence The grinding produced a "skin’ tensile stress in which IGSCC initiated
(Figure 3-3). Later heat sink welds without post weld root grinding have shown a significant improvement in IGSCC
resistance Table 3-5 shows that six of eight heat atfected zones in heat sink welds ground after welding cracked
Mowever, only 1 of 16 MAZS in heat sink wuids not ground after weiding dispiayed & crack, and the crack appeared 10

initiste in an agjacent ground ares (Quadrant) and was thus suspect. The cetails of this initial heat pink pipe test are
discussed in Appendix F.
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Table 3-§
EFFECT OF POST WELD GRINDING ON HEAT SINK WELD RESISTANCE TO IGSCC
No. of No. of No. of Heat
Meterial or Hests Heats Attected Zones

Protection Method Evelusted Fealied Failed/Tested""" Remarks
Unprotected weids 1 1 8/8 Post-weld grinding
Type-304 Stainiess Steel 8t weld HAZ®
Heat sink 1 1 6/8 Post-weld grinding
Weided Type-304 at weld HAZ®
Stainiess Steel
Unprotected Welds 1 1 7/8 Pre-weid machining
Type-304 Stainless Steel 8t weld HAZ
Heat Sink 1 1 1/8 Pre-weid machining
Welded Type-304 at weld HAZ™"
Stainiess Stee!
Unprotected Welds 1 1 4/8 Pre-weld grinding
Type-304 Stainiess Stee! at welid HAZ
Heat Sink 1 0 o8 Pre-weld grinding
Welded Type-304 8t weid HAZ

Stainless Steel

* Post wald 9nnding 18 kNown to Introduce |args lensi's residual siresses thus neutralizing the beneficial residual siress effects of heat sink welcing
* The single neat sink failure noted may have inilidled 0 an adjacent ground quadrant
** Tasted tor 183 hours (122 cycies) @ 1.36 x 289°C (550°F) yieid strength

3.6.4.2 Screening Hest Sink Weld Pipe Tests (weldments E18A, E198, E20A and 5208)

After initial testing demonstrated the highly detrimental etfect of post-weld grinding (disruption of resicual
compressive siress gt the weld joint root) 24 heat sink welds were fabricated anc matched against 24 reference welds
which were not heat sink welded. The make-up of these test weldments is shown in Figure 3-4. Note that at each stress
level one weldment was polished on the inside surface after the root pass. The other welds were machinad rather than
ground. Figures 3-5, 3-6 and 3-7 compare the polished and machined surfaces with a typical ground surface. Note that
reference welds in the polished condition faiied after ionger test times than the machined weids. The 24 weids are
sutficient in number for statistical data evaiuation in addition to acting as a screening test. Data accumulation has
been slowed by the early and frequent failure of the matching reference welds. In the same tests, no original heat sink
welds have displayed IGSCC.

The details of screening heat sink weld pipe testing are discussed in Appendices F and G. In brief, the onginal
HSW joints are continuing on test at two stress levels (1,10 x 550°F yield strength of the Type-304 stainiess steel pipe
and 1.36 x 550°F yietd strength of the pipe) without failure.

Those at the higher stress level now have accurmulated test periods ranging to 1387 cycles or 2028 hours Those
at the lower stress level now have accumulated test periods ranging to 1100 cycles or 1565 hours. For compariscn
eight of twelve matching reference weids at the 1.36 stress level failec by through wall cracking starting at 68 test
cycles, and the remaining reference welds show extensive crack indications in ultrasonic test (UT) inspections The
original heat sink weids do not show any significant UT indications.

Statistica! calculations for Heat Sink Weldment E19B are included in Task 2 of this report,
A single heat sirk screening weld in Weldment E21-B has 2013 test cycies (2860 test hours) in the PTL without
tailure which exceeds all other HSW joints on test. It has been on test at the high stress level (1.36) duringthistime. The

Improvement margin in this single test is high, but it is not statistically significant since it is a single weld It does serve
&8 a screening test 1o encourage continued evaiuation of this pipe crack remedy.

- 90014085
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~WELD JOINTS
1 2 [ ] 7 8 10 1" 12
‘ : ‘ ‘ ) 4 ' 4 ' ‘ + ¢
WELDMENT
E19-A
L]
WELDMENT
E19-8
WELDMENT
£20-A
1
WELDMENT
E20-8
W’ s - ——
1= WELDS WELDS
REFERENCE 2-17 8-12 .
WELDS MEAT SINK REFERENCE
WELDS WELDS
NOTES: WELDMENTS E18-A AND E20A WERE GROUND AND POLISHED ON THE INSIDE SURFACE AFTER ROOT
PASS WELDING

WELDMENTS E15-8 AND E208 WERE NOT GROUND AND POLISHED AFTER ROOT PASS WELDING
(SEE FIGURES 38, 38, 37)

E19 WELDMENTS. MAXIMUM TEST LOAD STRESS ~ 1.36 X 288°C YIELD

E20 WELDMENTS: MAXIMUM TEST LOAD STRESS ~ 1,10 X 2B8°C YIELD

Figure 3-4.  Bechtel Fabncared Heat Sink Weldments (Fully Automatic-2G Position — Type-304 Stainkess Stee/ Pipe)
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Figure 3-6. Weidment E19B Showing As Machined Surface 125 RAMS
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Figure 3-7. Weldment E18 — Heavily Ground Heat Affected Zone

3.6.4.3 Repair of Feilad Reference Welds by Manual Heat Sink Welds

The failed reference welids were repaired to continue testing the six original heat sink welds in each welament
atter reference weld failures. Repairs were principally by manual heat sink welding and, as needed. splice pieces of
pipe were added to restore the test weldment to its original length for fixturing purposes. The repair HSW technique
differs from the original heat sink weids continuing on test in severa! respects, principally in welding process i.d
cooling application and weld position. Repair heat sink welds have failed in relatively shor (125-500 cycles) periods
of testing in three of approximately 20 instances. The failures are recent and have not been evaluated at this date.
Preliminary observations indicate failure at repair heat sink weld haat attected zones may have been causec by (1)the
proximity of two welds is often much less than the nominal 4 inches between original welds, (2) reduced wall

thickness, and/or (3) yield strengths in replacement pieces below that of the original Type-304 stainiess steel Heat
M7616.

it is possible that stresses well above the 1.3€ x 288°C (550°F) yield strength could have occurrec in replaced
weids due 1o splice material yield strength ditfersnces. Thus, the beneficial compressive residual stresses from the
HSW process would be counteracted. It is aiso possibie that prior testing thinned the pipe wall at replaced welds
s'so resulting in higher stress at the heat attected zones. Shortened test life may have occurred due to repair welds
placed with minimal spacing between tham. In one repair HSW failure, only spproximately 1-1/2 inches existed
between weids. Originally, & four inch (1 x pipe diameter) spacing was required to minimize stress interaction

s 90014088
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All of the original heat sink welds made with 4 inch spacing except one were made by automatic welding in the
2 G position, with the heat sink applied after the root weld. The one exception is Weld M, in Screening Weldment
E218. This manual HSW" now has 2013 test cycies (2869 hours) without failure, which exceeds all other heat sink
welds on tast. The base pipe was ASME SA312, Type-304 stainiess steel (Heat M7616) previously shown to fail in
approximately 100 test cycles under these test conditions when it was not protected. The failed repair HSWs were all
in Type 304 stainiess steel pipe (Heat M7616). The heat sink for these repair welds was applied in the 1G weld position
atter the second welid layer (Manual HSW failures: E16-C/D (800 Cycles) E18B-11A, (293 Cycies) and E21A-G1 (126
Cycles). The repair HSW failures are summarized in Table 3-6.

Tavle -6
ORIGINAL VERSUS REPAIR HEAT SINK WELD TEST RESULTS

No. of Weld Stress HSW HSW Process Base Material Cycles
Welds identification Level Position {Water Cool) (Type 30488) 1o Fallure
ORIGINAL WELDS

6 E18A 1.36 2G Automatic GTA Heat M7616 No faillures
(Welds 210 7) (at 2nd layer) at 1397 cycles

6 E20A 1.10 2G Automatic GTA Heat M7616 No failures
(Welds 20 7) (at 2nd layer) at 1100 cycles

6 E198 1.36 2G Automatic GTA Heat M7616 No failures
(Welds 2 t0 7) (at 2nd layer) at 863 cycles

6 E208 1.10 2G Automatic GTA Heat M7616 No failures
(Welds 210 7) (at 2nd layer) at 1300 cycles

1 E21B 1.3¢ Vertical Manual SMA Heat M7616 to No failure
(Weld G) (3 o'clock) (at 2nd layer) Heat M0063 8t 2113 cycles

REPAIR WELDS

1 E16 1.36 16 Manual SMA Heat M7616 Failed at
(Welds C/D) repair (at 3rd layer) 600 cycles
1 E198 1.36 1G Manual SMA Heat M7616 Failed at
(Weld 11A) repair (at 370 layer) 293 cycles
1 E21A 1.36 1G Manual SMA Heat M761€ Failed at
(Weld G1) repair {(at 3rd layer) (prior Lab. SHT) 126 cycles

* Flowing water HSW after first pass and weiding PONILION was verticak-up &l three O clock on the horzontal Pipe

3.6.5 Weld Overiay Reinforcement Results (termed “Backiay")

A sketch of this concept is shown in Figure 3-1 and a description of tabrication practices for ‘backiay  weld
deposition is given in Appendix M. The "backiay " technique s benefit is due to reduced stress in the HAZ which results
trom the increased cross-sectional area. In addition, a more favorable residual stress distribution may resuit on the
inside surface due to the additional weld buildup and i.d. cooling during the backlay

Two standard girth weld joints protected by a “backlay ' weld build-up on the weid crown area were included in
screening weldment E21-A (joints C and H) and have been on test 435 cycles/633 hours without failure. Monitoring Dy
conventionsl ultrasonic inspection is not practical on backlay weids uniess the deposit is machined or ground
smooth. No in-test results are evailable. Testing is continuing on these joints to develop a larger margin of improve-
ment over reference Type-304 stainiess steel welds. In both of these original backiay weids the base pipe was the
susceptibie heat of Type-304 stainiess steel used in reference welcs (Heat M7616). The material was, however,
solution hest treated prior to welding.

90014089
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Two more “‘backlay” weids (E21A-D and E19A-11) were made 10 replace failed reference welds. At this date
these additional “backlay ' welds do not have sutficient test exposure on-test time to supply significant information
aithough one weld has exceeded the life expectancy of unprotected pipe

Results tc date indicate the backlay concept has provided additional protection to Type-304 stainless steel weld
joints which would otherwise be susceptidle to IGSCC. The existing data is limited. Table 3-7 summarizes the
infarmation available at this date.

Table 3-7
FULL SIZE PIPE TEST RESULTS ON “BACKLAYED" WELDS

Base Pipe
Weld Joint Fabrication Maximum Cycles Hours Material
identification Type Test Stress on Test on Test (Type 304S8S)

21A-C Longitudinal 1.36 39€° 546 Heat M7616
Passes

21A-H Longitudinal 1.36 39¢° 546 Heat M7616
Passes

21A-D Circumferential 1.36* 219 327 Heat M7616/Japan 304
Passes

18A-11 Cirgumterential 1.36° 29 43 Heat M7618
Passes

Notes
1 Weids C ang H were original pipe weids made by GE in the Schenectedy A & O Laporatory (see Appendix M)
2 Weids D and 11 were repiacement joints 8t {alied referenca weids and were ‘abricated by the GE welaing laboratory 1n San Jose

* The actual Backiay test siress was aoproximately 0 75 oy 1 36 x S50°F (288°C) y'eid stress caiculation is Dasec upon the origindl wall thickness pror
1o backiay

3.6.6 Inner Pipe Surface Conditioning Results

in early pipe screening tests the strong influence of grinding at inside surfaces (weld heat aftfected zones) on
acceleration of IGSCC initiation was evident. This is shown in summary in Table 3-8

Examinations of service failures in Type-304 stainiess steel piping also identified grinding with the early onset
of IGSCC. Grinding at accessible pipe joint weld root surfaces has been 8 common shop and field fabrication practice
to improve the weld root contour for inspection purposes. For this reason numerous Type-304 stainiess steel ground
weld joints are in existence in various stages of nuclear plant construction and operation.

Remedial measures were examined for those pipe joints fabricated in which grinding was performec at the
inner surface weld heat affected zones. The principal investigative measures were directed toward the improvement
of previously ground surfaces. An entire weldment of 12 test joints was fabricated with varying surface treatments 1o
evaluate their effects on IGSCC. The details of this test are described in Appendix .

In this study reconditioning ground weld HAZ surfaces by post weld mechanical polishing did not prevent
IGSCC. In comparison, the areas ‘machined before welding ' were essentially free of cracking. In this time perioc
however, the specimens polished after welding and gri. Zing were markedly less attacked than those only ground
stter welding in the same test conditions and time.

Another test compared machined counterbore surfaces with original “'mill” surtaces The original mill surfaces

did not crack in the same circumstances which drastically cracked machined surfaces. Additionally, the machined
surtace cracking appeared to be arrested by adjacent thinner wall mili annealed surfaces.
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Table 3-8
SUMMATION OF EARLY SCREENING TEST RESULTS ON 1.D. GRINDING
Condition of HAZ Surface
Test Premachined Counterbore Ground Before Butt Weid Ground After Butt Weld
identification Cracked Tested Cracked/ Tested Cracked/Tested

1. 2nd LEFT 414 n 477

(axial tension)
2. 3rd LEFT 15/18° 5/8 8/8

(axial tension)
3. 3 Point Bend 0/4 - 2/4
4. 18t Four 03 n 4/6

Point Bend
§. 3rd Four 12 - 22

Point Bend
Total 20/41° 916 20/27
Percent HAZ s (49%)° (56%) (74%)

cracked

1 Fyll sze pipe test data only

2. Test stress at 136 x 288°C (550°F) yeld strength

3. Weic hea! atected zone (HAZ) deta on the inside diameter

4 NO pipe Crack remedy appied

“The 3rc LEFT test was quadrant ground. Therefore. this value mey De in 8rror Decause It was ditficult 1o il il cracks nitiated (0
adjacent ground quadrant

Oxy-acetylene heating of ground surfaces was tested but was not successful, as metallography and electro-
potentiokinetic-reactivation (EPR) tests for sensitization indicated increased sensitivity, which was confirmed Dy light
microscopy Inspections.

A skin fusion conditioning by the gas tungsten arc process showed considerable promise by EPR testing and
light microscopy. In view of these encouraging results a pipe test reference joint has been repaired in pipe welgment
E198 (Weld 8A) using this method. and is Now on test in the PTL along with the other pipe crack remedies. it has not
shown any signs of failure after 736 cycles and 1104 hours at a maximum stress of 1.36 x 288°C (550°F) yield strength
This is in comparison to reference welds of the same pipe material failing within 100 cycles.

Tests have 2!s0 been performed to evaluate preweld grinding vs post weid grinding. Preweld grinding eppears
to be slightly less detrimental than post weld ground surfaces in time to failure by IGSCC (Table 3-8).

To date in the full-size pipe test no mechanical reconditioning technique has preventec IGSCC from occurnng
in previously ground surfaces of susceptible Type-304 stainless stee!, although smoot”er surfaces proiong time -]
failure. The “'skin" fusion method by GTAW has provided a significant beneficial reconditioning effect on previously
ground surfaces As a result of this screening test, an opportunity 10 significantly improve existing welds may be
possible. Further testing would be required to verify this effect statistically

3.6.7 Weid Heast Input Control Results

Earty screening tests compared time 1o cracking in susceptibie heats of Type-304 stainiess steel which were
welded with relatively high heat input (50K to 80K joules/inch, with those welded using low heat input practices (25K
to 30K joules/inch). it was found that .., the higher weld heat input joints, IGSCC initiation occurred in less test time
than in the lower heat input welds. Tabie 3-9 shows these results in terms of the fraction of quadrants cracked tor high
gnd low heat input weids. Note that heat to heat varistion is more significant than the effect of post weld grinding

90014091
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Table 3-8
LEFT TEST RESULTS
1.36 x Sy

Quadrants Cracked/Number Tested

High Heat Input Low Hest Input
Post Weld Mot Post Weld Post Weld Not Post Weld
Heat Ground Ground Ground Ground
M7816 9/9 - 9/11 3/
M7772 03 01 o7 0/5
M7616 HEW 4/4 1/4 34 /4
Total 1316 18 12/22 an7

- ——————————————-

m-mmmm—mmmmmmnmm

The conclusion reached is weld heat input control within practical ranges will not prevent IGSCC from
occurring in susceptibie Type-304 stainiess sieel material, although it is an improved practice.

It was not a recommended remedy technique for Task 2 statistical tests.

368 Preweld Reannealing Resulits

in the most susceptible heat of Type-304 stainiess steel pipe (Heat M7616) the degree of sensitization tests
indicated the original mill anneal was inadequate. To test whether this material would have benhaved in an acceptable
manner if it had been properly heat treated in the mill, pipe sections were re-solution heat treated in our laboratory by
careful practices, just prior 10 girth weiding.

Weid joints of this type placed in the pipe test (Weldment E21-B) aiso failed by IGSCC within an unacceptable
time span. Appendix E contains these resuits.

369 Extended Weld Bevel Results

It was thought that by extending the wiz*t of weld crown by means of a wider angle weld end preparation, as
shown in Figure 3-2, the added constraint woule provide added resistance to IGSCC at the underlying insice diameter
heat affected zone.

The improvement detected in screening Weldments £21A and E218 for extended crown welcs was slight The
joints failed by IGSCC in the heat affectec zones.

3.5.10 Variations in Mill Practices and Heat o Heat Variations In Type-304 Stainiess Steel

Initial testing was mainly performed on three mill heats of 4 inch schedule 80 ASME SA312, Type-304 stainiess
steel seamiess pipe. Chemically they ditfered in percent carbon within the allowed ASME specification range Heat
454970 was relatively low at 0.042% C. Heat M7616 was relatively high at 0.06% C. Heat MOOS3 at 0.05%C was the third
seamiess pipe heat tested. A fourth heat fabricated by rolied and welded practice was included in early tests with
inconciusive comparison resuits

90014092
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The lower carbon Heat 454970 has not failed in screening tests, whereas Meat M7616 quickly failed. Heat MOOE3
of intermediate percent carbon failed only after prolonged time on test. These results were indicative of the range of
IGSCC resistance possible within the chemistry limits of ASME specifications. it was recommended that three heats of
widely varying carbon content be evaluated in statistical testing to obtain Type-304 stainiess steel reference data

3.6.11 Alternate Material Screening Tests

Austenitic stainiess steels other than Type-304 stainiess steel were included in screening tests 1o a limited
extent. Type-316 stainless steel was tested in three mill heats (Weldment E218B), and it ultimately failed in prolonged
testing. However, it showed a large margin of improvement in resisting IGSCC compared to the susceptible heat of
Type-304 stainiess steel. In another test, one CF8 cast pipe (Heat 98695) failed by IGSCC but only atter the test
maximum stress was raised from 136% to 175% of the 288°C (550°F) yield strength of Type-304 stainiess steel Heat
M7616.

At this date. Type-CF3, Type-316L, Type-304L and Type-347 stainiess stee! pipes continue on test in screening
weldments without failures. Eacn of these were recommaended for statistical evaluation. EPRI PROGRAN RP368 s
evaluating afternate alloys on a statistical basis.

in al! the screening tests on full-size pipes the girth weld filler metal has not developed any cracks due to stress
corrosion. Initially the root weids were made with Type-ER308 metal filler ordered from manufacturers (0 $%
minimum ferrite. In later screening tests the filler metal was Type-ER 308L, ordered to a minimum ferrite numboer
of 8FN.

To extend the screening function, in Weldment E218 weld filler materials of ER 316 and ER 347 were included
No cracking has been detected in these welds after 2013 test cycles

3.6.12 Conclusions

The screening tests served their purpose very effectively and directed proof test activities accurately to those
practical crack remedy concepts and fabrication techmques which provide the highest margin of safety against future
IGSCC. They aiso provided an accurate interim basis for guiging preveit.on activities in the relatively prolonged
period when statistical data were being developed.

3.7 SMALL SPECIMEN TESTS

Small specimen tests were performed to compliment the full size pipe screening tests. The screening pipes
tested a large number of concepts with few samples of each. The use of small specimens provided an opportunity (o
increase the number of samples tested for sume of the promising candidates.

Three groups of smail specimens were tested for stress corrosion resistance in constant load and/or constant
extension rate tests These specimen groups are discussed under the following headings

« Bechtel Heat Sink Welding Study

. Pipe Remedy Studies
(includes test of three reference Type-304 stainiess steel heats as well as CRC welds and agditional
HSWs)

. Additional Pipe Remedy Studies

(inciudes tests of referance Type-304 stainless steel and Type-CF-8 castings)

90014093
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3.7.1 Bechtel Heat Sink Welding Study
3.7.1.1 iIntroduction

A study was completed to evaluate the degree of sensitization and stress eorrosion cracking susceptibility in
large diameter pipe weldments produced for the laboratory sample heat sink welding study. Test welgments were
prepared from a 25.4-cm (10in.) diameter schedule B0 Type-304 stainiess steel pipe having the chemical composition
given in Table 3-9. It was intended that both sides of each weidment be fabricated from Heat AS351; however, one sice
of test weid TW-4 (discussed subsequently) was inadvertently fabricated from a different heat of material (Heat
24971W) This latter heat contained a higher carbon content than Heat A5351 (0.084 w/o compared to 0.050), and was
slightly sensitized in the as-received condition. The high heat input weldments are identified as foilows

1. TW-4, reference manual weld
- 5 TW-13, reference automatic welc
3 TW-15. manual weld, water spray inside surface cooled.

3.7.12 Experimental Procedure

Semi-curvalinear, uniaxial tensile samples were fabricated from each weldment for intergranular siress corro-
sion cracking testing The samples containec the weld joint in the center of each gage section, and were taken such
that the pipe inside surtace was maintained as one sice of the sample. The samples were tested under constant ioad in
§50°F (288°C) high-purity water with 8 ppm dissolved oxygen The applied stresses were nominally 0% of the uitimate
tensile strength at 550°F (288°C) for each welament (see Tables 3-10 and 3-11). The higher applied stress percentage
for samples from TW-4 (s attributed to the lower strength of the second heat of material (Heat 2487 1W) used to prepare
this welgment.

The weld heat atfected zones were evaluated for degree of sensitization using the Electrochemical Poten-
tiokinetic Reactivation (EPR) test. A planar sample from the pipe insicde surface was mounted and polished and then
EPR tested in 0.5M H,SO, ~ 0.01M KSCN at 86°F (30°C) and 6V/h reactivation rate.

3.7.1.3 Results and Discussion

The results of these stress corrosion tests are given in Table 3-11. All three weldments were susceptible 10
intergranular stress-corrosion cracking, but the TW-4 condition was the most susceptidle, followed by TW-15 and
then TW-13.

Table 3-10
TENSILE PROPERTIES OF BECHTEL WELDED SAMPLES
(Average of Two Tests)

Test Uttimate

Welding Weld Temperature Tensile Strength Elongation

Method Identification C) Ksi (MPa) (%)

Manual TW-4 RT 97.0 (669) 2884
288 61.7 (426) 1534

Automatic TW-13 RT 103.1 (711) 26.88
288 70.4 (486) 14.07

HSW TW-15 RT 101.6 (701) 30 54
288 69.3 (478) 72.80

N
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Table 3-11
STRESS CORROSION CRACKING DATA FOR BECHTEL WELDMENT SAMPLES
TESTED UNDER CONSTANT LOAD IN 550°F (288°C) WATER WITH 8 ppm DISSOLVED OXYGEN

Percent
Weld Metal Pa* Applied Stress uTs IGSCC Fallure Time
Weldment’ Ferrite (%) (Clem?) ksl (MPa) (288°) 1 2 Average
TW-4 16-3.2 340 40 (2786) 85 44 89 67
TW-13 25-32 261 40 (276) 57 411 9253NF*** >4800
TW-15 1.2-4.0 7.5 40 (276) 58 969 136 553

*See Tadie 310 for weiding technique
~Degree of Sensitization atter EPA Tesung at 86°F (30°C) n 0.5 MM,S0, + 0.01 M KSCN (grain Douncary adjusied area) Measuremaents taken 50 miis
(1.27 mm) from weid fusion line for Heats 24871W(TW4) and AS351(TW-13 and 15)
NFE « No Failure in Time Tested

The lower resistance of TW-4 is probably due to the greater relative applied stress and the sensitization noted in
the as received N.084% carbon heat (the faiiures occurred in this heat rather than in the AS351 heat side of the
weldment) The . N-13weldment appears to be the more resistant, which, based on degree of sensitization consicera-
tion (discussed later), is contrary to expectations. The TW-15 weldment exhibited intermediate susceptibility, but both
samples failed by intergranular stress Corrosion cracking in the constant load test The appearance of the fracture
surfaces showing the intergranular mode of failure for these sampies are shown for TW-4, TW-13 and TW-15in Figures
3-0 to 3-10 respectively.

The results of EPR measurements are aiso given in Table 3-11, where TW-4 reveals the greatest sensitization,
followed by TW-13 and TW-15. The structure obtained for Meat A5351 in the as-received condition after EPR testing s
shown in Figure 3-11. Although many carbide and inclusion stringers are delineated. it is apparent that the grain
bouridaries are denuded of carbide particles (sensitization).

The structure observed for TW-4 atter EPR testing is shown in Figure 3-12, where the grain boundaries are
heavily etched due to the electrolyte action on the chromium depleted grain boundaries.

Welgment TW-13 revealed a heavily banded structure (see Figures 3-13 and 3-14), which may have accounted for
the superior stress corrosion resistance of this condition. The greatest degree of sensitization occurs in the fine
grained structure (~ASTM 5-6) compared to the coarser grained regions (~ASTM 1-2). Conversely, stress-corrosion
cracks generally propagate much faster through coarse grained regions, and, because the TW-13 sample failed inthe
fine grained banded portion (refer to Figure 3-9) the failure time for this sample may have been prolonged compared
to the other weidments.

The TW-15 welidment after EPR testing is shown in Figure 3-15. The grain doundaries are decorated with
carbrdes. but the extent s much less than that snown for TW-4 and 13, and this finding was substantiated by the values
measured i.e., Pa=7.5Clem? for TW-15 compared to0 26 ang 34 C/em? for TW-13 and TW-4, respectively Regardless.
the degree of sensitization was su*ficient to render the TW-15 samples susceptible to intergranular stress corrosion
cracking, as given by the data in Table 3-11.

3.7.2 Pipe Remedy Studies
3.7.2.1 Introduction

Pipe sections from three heats of Type-304 stainless steel which constitute the statistical part of the program
were evaluated for degree of sensitization and stress corrosion cracking susceptibility. Weld heat atfectec zones were

tested from the outside and inside diameter regions of Heat MOOE3, and from the outside diameter region of Heat
454970, Also, samples wore taken from a standard reference weld (E4) of Heat M7616, which was fabricated similar to
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(s} 30X, SEM

(b) 100X, SEM

Load (40 ksi) Testing in 288°C Water With 8

e

Fgure 3-8. As-Weided TW-4 Sample Fracture Surface After Constamt

pr—

pom Oy (T, = 44 hr)
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SEM

(a) 30X,

{b) 100X, SEM
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Figure 3-9. As-Weided TW-13 Sampile Fracture Surface After Constant Load (40 ksi) Testing in 288°C Water With &

ppm O, (T, = 411 hr)
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(b) 100X, SEM

Figure 3-10. As-Welded TW-15 Sample Fracture Surtace After Constan Load (40 ksi) Tested in 288°C water With 8
pom Oy (T, = 136 hr)
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Figure 3-11. As-Receivyd Type-304 Stainless Steel (Heat No. A5350) Amer EPR Testing (50X
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Figurs 3-12. As-Welded Type-304 Staniess Stee/ (Heat No. 24971W) Ater EPR Testing, Joim "W-4, Reference
Manus/ Weid, High Heat input (118X ) )
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Figure 3-13. As-Weided Type-304 Stainjess Steo! (Heat No. A5350) Atter EPR Testing, Weld Joint TW-13, Refer-
ence Automatic Weid, High Heat Input (12X)
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Figure 3-15. As-Weided Type-304 Stainless Stee/ (Heat No. A5351) Ater EPR Testing, Weld Joint TW-15, Manual
Weld, Water Spray insige Surface Cooled, High Heat Input (50X)

the reference welds in the heat sink welded pipes by Bechtel Corporation. A companion pipe section (E3) was also
tested, which was labricated by heat sink welding techniques by Bechtel Corporation. And finally, two segments of
Meat M7616 piping, which were fabricated using corrosion-resistant cladding techniques were evaluated. One
segment (26B) was tested in the as-deposited condition, the second segment (278) was solution heat treated after the
corrosion-resistant cladding process. Chemistry and Mechanical Properties of all three heats are reported in Appen-
dix D and in Task 2 of this report.

3722 Experimental Procedures

Uniaxial tensile samples were sectioned from sach pipe segment for testing by constant extension rate and
constant load techniques. The samples were removed in a manner which included the weld bead in the center of each
gage section. Hence, the weld hest affected zones on both sides of the bead were under stress during sach test. For
the corrosion-resistant clad samples, the heat atfected zones between the cladding and the base metal were located
at the center of oach sample gage section. For these samples, the inside pipe surface was maintained intact in
each case.

The constant extension rate tests were congducted in S50°F (288°C) water containing 7-8 ppm dissolved oxygen at
an extension rate of 0.0008 mm/min ( &= 4.4 x 10-Ymin). After testing, all samples were examined by scanning electron
microscopy (SEM) to assess the mode of failure.

The constant load tests were tested in the same environment as above, except the applied loads were 60% of the
weid metal uitimate tensile strength at 550°F (288°C).

Finally, specimens were removed from sach sample for degree-of-sensitization measurement using the EPR
technique. The specimens wers removed to either evaluate the butt-weld heat atfected zone or to evaluate the heat
affected zone at the cladding-base metal interface (for the corrosion-resistant cladding samples).
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3.7.2.3 Results and Discussion

The results of the constant extension rate (CERT) and EPR tests are given in Table 3-12. In the case of the Heat
MO0063 samples, the outside diameter failed by intergranular stress-corrosion cracking, but the inside diameter failed
by ductile rupture (Figure 3-16). This finding was supported by the EPR data, which revealed greater degree of
sensitization on the outside (Pa = 5.5 compared t0 0.6 C/em? on the inside surface) for these particular samples. This
behavior is unusual, since previous testing generally indicates a reverse trend. The present tests only included single
samples, however, 8o that the unusual behavior noted may be due to normal weld variability rather than a character:s-
tic of this heat of material. The as-received pipe of Heat MOOS3 has a Pa vaiue of 0.2 C/em?.

Both the reference (E4) and heat sink weided (E3) samples welded from Heat M7616 failed by intergranular
stress-corrosion cracking in the constant extension rate test. A representative photomicrograph is shown forsample
E3in Figure 3-17. Aithough both samples failed by stress-corrosion, the extent of damage was much worse for the E4
sample, as indicated in Table 3-12. Additionally, the E4 sample was much more severely sensitized (Pa = 6.7 C/em?).
Heat M7616 of Type-304 stainless steel is sensitized in the as-received condition with Pa values typically greater than
3.0 Cem’,

Teble 3-12
CONSTANT EXTENSION RATE TEST RESULTS
(550°F (288°C) WATER—8 ppm O,; ¢ = 4.5 10-*min)

Failure
Breaking Stress Time RA E Charge, Pa

Sample  Hest Condition ksl MPa (h) (%) (%) IGSCC (Ciem?)
1-7M8 M0063 As-Welded (0.d.)HAZ 63.1 435 87 248 13.9 Yes 55
1-7N8 MO063  As-Welded (i.d.)HAZ 71.9 496 127 514 195 No 0.6
E3 M7616  HSW'-HAZ 779 537 84 165 131 Yes 29
E4 M7816  As-Welded HAZ 54 4 a7s 31 8.5 5.0 Yes 87
26-8 M7616  As-Deposited

Corrosion Resistant

Cladding-weid metal 758 523 78 225 120 No 9.8
26-B M7616  As-Deposited Tladd.ng

base metal 64.2 443 60 29.7 8.6 Yes 1.4
27-8 M7616  Solution Heat Treated

Corrosion Resistant

Cladding-weid metal  83.0 §73 64 17.86 9.2 No 8.2
27-B M7616  Solution Heat Treated

Cladding-base metal 752 519 99 411 14.0 No 0.5

* Meat Sink Weided
= Values Laxen in the DiIDe ADOVE the cOrrosion resistant clad (matenal machined off and not part of test specimen)

Only one of the four corrosion-resistant cladding semples failed by intergranular stress corrosion cracking in
the constant extension rate tests. The as-deposited clad sample (2€B) failed in the heat affected zone ~2.54 mm (01
in.) away from the cladding-base metal interface. The appearance of the fractured surface of this sample is shown if
Figure 3-18. Why the degree-of-sensitization value (Pa = 1.4 Cl/em?) obtained =~ the inside surface of this sample is

lower than for the as-received material (Pa = 3.0C/cm?) cannot be explained at this lime. Additional EPR work is
necessary for resolution.

The solution heat-trested clad sample (278) did not show any evidence of stress corrosion. A relatively low
(Pa = 0.5 C/cm?) sensitization value was measured for this claading-base metzl heat affected zone sample.
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) INSIDE DIAMETER

) OUTSIDE DIAMETER BOX

Figure 3-16. Fracture Surface of Welded Type-304 (Heat M0083) Sample Tested by CERT in S50°F (288°C) Water
with 8 ppm O, &t « = 4.4 x 10~*/min (SEM)
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Figure 3-17. Fracture Surface of Weided E3 Sampie (Heat M7816) Tested by Cert in 288°C Water Witn 8 ppim O, at
€« = 4.4 x 107/min (SEM)
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Fracture Surface of welded 268 Corrosion-Resistant Cladding Sampile (Heat M7616) Tested Dy Cert in

285°C Water With 8 ppm O, &t « -4,4110-.‘/mm (SEM)

Figure 3-18.
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Neither of the corrosion resistant cladding butt-weid samples failed by stress-corrosion. The through-
thickness of both the 268 and 278 samples consisted of cladding weld metal. The high Pa values obtained for this
weldment (Pa = 8.8 and 8.2 U/cm?) were measured in the weld heat atfected zone above the cladding (towards pipe
outside diameter), which was machined off and was not part of the test sample.

The results of the constant load tests are given in Table 3-13. In these longer term and less severe tests
(compared 1o the constant extension rate tests), intergranular stress corrosion cracking occurred in the as-welded
outside diameter sample from Heat MOOB3, in the as-welded sample from Heat 454970, in one of two heat sink welded
samples from E3 (Meat M7616), and in both as-welded E4 (Heat M7616) samples. These data compare favorably to the
constant extension rate data, and provide better indicators of relative susceptibility to stress corrosion Forexample,
although both the control (E4) and heat sink welded (E3) samples experienced intergranular stress corrosion
cracking, the failure time for E3 (4128 hours) and the fact that a second sample has not failed after 6735 hours
compared to E4 (failure times of 250 and 488 hours) clearly demonstrates the superior resistance of the heat sink
welding.

None of the weld overiay (268 and 27B) nor corrosion-resistant clad samples tailed in the times tested (>5000
houre). The constant extension rate tests indicated that the as-welded overiay condition (26B) is susceptible to stress
corrosion. However, based on the ionger term constant load test resulits, the susceptidility 1s considered low

Table 3-13
CONSTANT LOAD IGSCC TEST RESULTS
(S50°F (288°C) WATER—8 ppm O,; o = 60% JUTS 288°C)

Applied Stress Exposure”’
Heat Condition ksl MPe Time (h)

M0063 As-Welded—o0.d. 40 276 3838F
M0063 As-Welded—1.¢. 41 283 S7B5NF
M7616 As-Deposited Corrosion-Resistant

Clad-weld metal 268 45 287 5784NF
M7616 As-Deposited Clagding 26B-base meta! 418 287 584 1NF
M7616 Solution Heat Treated Corrosion-Resistant

Clag-27B-weld metal 418 278 6322NF
M7616 Solution Heat Treated Ciadding-278-base metal 416 287 5247NF
M7616 Heat Sink Welded-E2 416 287 4129F
M7616 Heat Sink Weldea-E3 416 287 6735NF
M7616 As-Welded-E4 418 287 250F
M76186 As-Welged-E4 418 287 488F
454870 As-Welded 416 287 3141F

“NF = No Failure. F = Faied by IGSCC

3.7.3 AdZitionsl Pipe Remedy Studies
3.7.3.1 introduction

Testing was compieted to further evaluate the peneficial effects of various pipe remedies 1o ameliorate
intergranular stress corrosion “racking in weided Type-304 stainiess steel. Four pipe weldments were investigatec.
these include: reference Type-304 (Heat 454659) butt welded to itself. heat sink weided Type-304 (Heat 454659)
welded 1o itselt using inside surface water cooling, cast CF-8 (Heat 98685) butt welded o itself following a solution
heat treatment of the CF -8 spool pieces, and Type-304 (Heat 78500) butt welded to the cast CF-8 (Heat 98685) and then
solution heat treated.
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3.7.3.2 Experimental Procedures

Samples removed from the insice surfaces of these weldments were tested for stress corrosion cracking
resistance by both constant load and constant extension rate methods. The tests were conducted in 550°F (288°C)
water containing 8 ppm dissolved oxygen. The constant load tests were performed at applied stresses equivalent 10
60% of the material uitimate tensile strength (at 288°C), and the constant extension rate tesis atad x 10°%/min strain
rate.

Tabie 3-14
COMPOSITION (MILL CERTIFICATION VALUES)
Heat Alloy c Mn s P Si Cr Ni N
454659 304 0.042 1.22 0.010 0.018 059 18.40 10.00 0029
98695 CF8 0.07 064 0.010 0.026 1.3 20.05 9.03 -
78500 304 0.043 164 0.012 0.016 0.55 19.06 888 0.073

3.7.3.3 Roesults and Discussion

The resuits of the constant extension rate and constant loac tests are given in Tables 3-15 and 3-16. re-
spectively In the constant extension rate tests, only the solution annealed and welded CF-8 to CF-8 sample failed by
intergranular stress corrosion cracking: the other samples all failed in a ductile mode.

Tabie 315
RESULTS OF CONSTANT EXTENSION RATE TESTS
FOR PIPE REMEDY SAMPLES

Specimen Test Fracture Stress Failure Reduction Fracture
Weldment Condition ksl (MPa) Time (h) of Area (%) Mode*

Type-304 Stainless
Steel to itsel! As welded 66.7 (460) 124 333 Ductile
Type-304 Stainless
Steel to itse!! Heat Sink Welded 65 (448) 107 250 Ductile
CF-8 Stainless Solution Annealed
Stee! to itself and Welded 47 (324) 71 284 1IGSCC
Type-304 Stainiess
Stee! 10 CF-8 Weiged then
Stainiess Stee! Solution Annealed 54.6 (376) 147 442 Ductile

* IGSCC — Intergranular stress COrrosIon cracking
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Teble 316
CONSTANT LOAD TEST RESULTS FOR PIPE REMEDY SAMPLES

Spacimen Test Stress Fallure Fracture
Weldment Condition ksl (MPa) Time (h) Mode*

Type-304 Stainiess
Stee! 10 itself As Welded 40 (276) 10,250NF N/A
Type-304 Stainless
Stee! 10 itse!f As Weided 40 (276) 1,328NF
Type-304 Stainless
Stee! 10 itself Heat Sink Welded 40 (276) 10,270NF N/A
Type-304 Stainless
Steel t0 itsel! Heat Sink Welded 40 (276) 10,050NF N/A
CFB Stainless Solution Annealed and
Steel to itsel! Weided 35 (241) 9.970NF N/A
CF8 Stainiess Solution Annealed and
Steel o itself Welded 35 (241) 489 TGSCC
Type-304 Stainiess
Steel ic CF8 Welded, then
Stainiess Steel Solution Annealed 40 (276) ar2 Ductile
Type-304 Stainless
Steel to CF8 Weided. then
Stainiess Steel Solution Annealed 40 (278) 1,263NF N/A
Type-304 Stainless
Stee!l to CF8 Welded, then
Stainiess Sleel Solution Annealed 40 (278) 299 TGSCC™

* NA Not Applicabie (samples did not tail)
= TGSCL~Transgranuiar Stress Corromon Cracking

The casting from which this sample was machined was procured with a 20.16 cm (7.94 inch) outside diameter
and a 6.2 cm (2.44 inch) inside diameter. This thickness, unusual for centrifugalily cast pipe, resulted in uneven ferrite
distribution and large grains. The fracture surface of the CF-8 sample is shown ir: Figure 3-18 where the intergranular
(interdendritic) nature of the fracture is clearly evident. This fracture mode was unexpected, as welded cast CF-8 has
never failed intergranularly in these types of corrosion tests in previous studies (especia'ly since the sample contained
10-15% ferrite). Further investigation revealed an irregular morphology of the ferrite phase (Figure 3-20), anc profuse
precipitaticn (presumably carbides) of a relatively continuous phase at the grain boundaries (Figure 3-21). This grain
boundary phase, which appears as interconnected particles, provided the path for propagation of the interdendritic
stress corrosion cracks (Figure 3-22). The cracks propagated primarily along the elongated, “stringered-type ' ferrite
phase aligned parallel with the applied stress (refer to Figure 3-20) The reason for the unusual extent of precipitate
formation ie presently unknown. However, this precipitation was unique to the solution annealed and then welded
condition. The sample which was weided and then solution anneaied failed the stress corrosion test in a ductile
manner (Figure 3-23), and the ferrite distribution appears somewhat more uniform (Figure 3-24) than the solution
annealed and then welded condition. The welded and then solution annealed CF-8 microstructure did not reveal the
profuse grain boundary precipitation characteristic of the solution anneaied and welded condition.

Both the T pe-304 control and inside diameter cooled and welded samples fractured with ductility in the
constant extension rate test. Both samples revealed “thumbnail” cleavage areas on one corner of the fracture
surtaces (Figures 3-25 rir d 3-26). These cleavage fractures are becoming a frecuent characteristic of the fractures
caused by the constant high strain sxtension rate testing of Type-304 stainiess steel, and currently have no particular
significance attached 1o their occurrence,
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IGSCC in CF-8 (Heat 98695) Annealed and Welded Sample Tested by CERT in 850°F (288°C) Water

w.h 8 ppm O, (SEM)

Figure 3-19.
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Figure »20. Ferrite Distribution in CF-8 Annealed and Weided Sampies. (Oxalic Acid Etched)
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Figure 3-22. Intergendritic Stress Corrosion Crack Along Cardide Decorated Ferrte Phase in CF-8 Annealed and
Welded Sample Tested by CERT in 550°F (288°C) Water With 8 ppm O, (Polarized Light, Oxaiic Acid
Etched, 500X
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Figure 3-23. Fracture Surtace of Type CF-8 (Heat 98685) Weided and Annealed Semple Tested by Constant Load
in §50°F (288°C) Water With 8 ppm O, at o = 40 ksi (276 MPa). (SEM, 30X)
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