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SUMMARY

Pacific Northwest Laboraiories (PNL), under a prcyram sponsored by the
Division of Engineering Technnlogy of the U.S. Nuclear Regulatory Commission
(NRC), is corducting a program to determine a method for evaluating the accept-
ance of welded and repair-welded stainless steel (SS) piping for light-water
reactor (LWY) service, Valideted models, based on experimental data, will be
developed to predict the degree of sensitization (D0OS) and the intergranular
stress corvosion cracking (IGSCC) susceptibility in the heat-affectec¢ zone
(HAZ) of the SS weldmentc, IGSCC is cavsed by a2 cumbination of a sensitized
microstructure, an aggrassive environmznt, and tensile stress. Ccntrol of any
of these three factors can eliminate IGSCC in most practical situations.

This program will measure and model the development of a sensiiized micro-
structure ¢s it pertains to welded snd repair-weided 35 pipe. An ewpirical
corrclation between a material's DOS and its susceptibility to IGSCC will be
determined using constant ex'ension rate tests (CERTs). The successful comple-
tion of these tasks will result in a method for assessing the effects of
welding/repairing parameters on the 1GSL. susceptibility of comporent-specific
nucl2ar reactor weids/repairs,

This report describes the initial ef{orts r2eded to develop the data base
for this study. A measurement system capable of measuring temperatures and
strains in the HAZ on the inside surface of SS rire welds was developed, A
data vetrieval and analysis system capable of recording the resultant
thermomechanical histories was designed, and assenbly was initiated.

It was determined that the electrochemical potentiokinetic reactiivation
(EPR) test would be the primary method used to seasure DOS values. tquipment
fc~ standacd laboratory and for field work was obtained and calibrated. The
sta.dard cell equipment was vsed to determine DOS histories on a series of
furnace-treated Type 308 SS heats as a function of carbon contest. Field
polisking techniques were develoned for use with the field cell, and a method
to decresse the field cell probe size was developed. The field cell was
caifvrated against the standird iaboratory cell and was used to measure DOS
piofiles on a 24-in.-dia. Type 204 SS we'dment as a functice of probe size.
The subsized field probe yielded a distinctly different DOS profile than the
standacd field cell probe due to the iveraging effect of the Targar prote,

10itial predictive calculavions were begun for predicting the effect of
material compesition on IGSCC susceptibility. The calculaticns were bascd on
existing medels ind the results were compared to the experimentally de'eruined
POS changes as a function of composition. The current modeis were fourd to
predict Lie change in maximuz DOS vilies fairiy well, but could not be used to
predict intermediate DOS vd'ues.
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INTRODUCTION

In 1981, Pacific Northwest Laboratory (PNL)(a) and the Division of Engi-
neering Technology of the U.S. Nuclear Regulatory Commission (NRC) began a pro-
gram to determine a method for evaluating the acceptance of welded and repair-
welded stainless steel (SS) piping for light-water reactor (LWR) service.
Validated models, based on experimental data, will be developed to predict the
degree of sensitization (DOS) and the intergranular stress corrosion cracking
(IGSCC) susceptibility in the heat-affected zone (HAZ) of the SS weldments.

The cumulative effects of material composition, past fabrication procedures,
past service exposure, weldment thermomechanical (TM) history, and projected
post-repair component life will be considered.

Austenitic SS components of commercial boiling-water (BWR) and pressurized
water (PWR) reactors have experienced IGSCC in the HAZ of in-service SS welds.
Although only a few instances of such cracking have been observed, their poten-
tial for causing serious component failure should not be underestimated. IGSCC
s caused by a combination of a sensitized microstructure, an aggressive envi-
ronment, and tensile stress. Control of any of these three factors can elimi-
nate IGSCC in most practical situations.

This program will measure and model the development of a sen<itized micro-
structure as it pertains to welded and repair-welded SS pipe. An empirical
correlation between a material's DOS and its susceptibility to IGSCC will be
determined using constant extension rate tests (CERTs). The successful comple-
tion of these tasks will result in a method for assessing the effects of
welding/repairing parameters on the IGSCC susceptibility of component-specific
nuclear reactor welds/repairs.

Component-specific determinations of DOS and IGSCC susceptibility for HAZs
after welding/repairing will require a practical method for determining the
fabrication history of the components. This program will use component-
specific mill heat chemistries, in addition to the processing and fabrication
records already required in the nuclear industry, for initial DOS predictions.
Recommendations for increased procedure controls and record changes will be
made as required to attain realistic DOS predictions.

The test matrix will include various Type 304, 304L, 304NG, 316, 316L and
316NG SS materials used in nuclear reactor piping systems., The proposed pro-
gram plan consists of the following phases:

Task I: Weld Thermomechanical History Determinaiion

e experimental determination of the TM history of the HAZ on the pipe
interior during primary and repair welds

(a) Operated for the U.S. Department of Energy (DOE) by Battelle Memorial
Institute,
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TASK 1: WELD THERMOMECHANICAL HISTORY DETERMINATION

A weld/repair HAZ is subject to a complicated strain history superimposed
over the heating and cooling cycle. Recent work indicates that this strain
cycle increases the resultant sensitization of the HAZ over that predicted from
strain-free isothermal data or that measured in specimens subjected to a sim-
ilar but strain-free heating and cooling cycle. It is therefore necessary to
precisely determine the strain/temperature history of a HAZ. The HAZ strain
history is more complex in a multipass weld/repair than in a single pass weld/
repair. Strain history is also more complex in a pipe weld/repair than in a
plate weld/repair; stresses can be relieved by plate bending, while circum-
ferential restraint restricts metal movement in a pipe weld.

Previous experimentation involving the HAZ TM history concentrated on tem-
perature measurements as a function of time and distance from the fusion line.
The present work will determine simultaneously the strain and temperature his-
tory in welded/repaired pipe HAZs as a function of time and distance from the
fusion line. It is expected that the resultant HAZ TM history will be a com-
plex function of system restraint and heat absorption capability. Variables
that can be expected to influence the TM history are pipe diameter and wall
thickness, changes in wall thickness from one side of the fusion line to the
other, depth of counterbore, weid/repair groove geometry, amount of weld
crowning, weld heat input, length and depth of repair, and welding technique.

A major goal of this task is to identify and measure the welding and
repair-welding variables that have a major effect on resultant DOS, and to
assess the ability to predict HAZ TM histories analytically. The initial work
will be oriented toward experimentally determining HAZ TM histories of welds/
repairs as a function of pipe size and heat input. These data will then be
used to assess analytical methods for predicting TM histories of generic welds/
repairs and the effect of specific welding and repair-welding variables on the
resultant TM history,

The focus of the current experimental work is on the TM history of a thin
layer on the inside surface of the pipe, as it is this region that controls
[GSCC initiation, The placement of strain measurement devices and thermo-
couples on the pipe surface 11 allow real-time TM history measurement.

The decision to measure TM histories dictated the need for fast response
signal recording capabilities, strain measurement devices that can withstand
temperatures up to the melting point of stainless steels, and signal generation
equipment that can withstand an electric welding arc superimposed over the
desired strain or temperature measurement device signal. The resultant data
must also be deciphered once the test is complete; thus, a Data Retrieval and
Analysis System (DRAS) is being developed specifically for this program,
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Signal Generation

The signal generating segment of the DRAS consists of sensors that detect
changes in strain, temperature, and welding parameters. Each of these sensors
requires different filtering and amplification, Multiple combinations of fil-
ter levels and amplifier types have been tested for the various input signals
present during actual welding conditions. A compatible series of filtering,
isolation, and amplification units have been determined for each signal type
and are now being hard-wired into a signal conditioning instrument rack.

The temperature measurement sensors are conventional thermocouples and the
welding parameters are picked up from the welding controller weld parameter
gages. No commercially available strain sensors could withstand temperatures
up to the melting point of stainless steel or multiple plastic strain cycles;
thus, strain measurement sensors have been designed specially for this program,

Two types of strain sensors have been developed. The first type senses
strain changes parallel to the pipe surface, while the second senses strain
changes perpendicular to the pipe surface. The paralliel strain sensors consist
of three separate parts. A set of surface movement markers is attached
directly to the pipe surface in order to detect relative movement between the
positions of the two markers. A set of ceramic stand-off legs is attached to
the surface movement markers to insulate the strain gages from the temperatures
to which the surface markers are exposed. A full bridge strain-gaged clip gage
is attached to the ceramic legs. The clip gage comprises two strain-gaged arms
separated by a rectangular spacer at one end and connected to the ceramic arms
at the other end., A strain sensor unit attached to surface markers that are
welded to the sensor calibration micrometer is shown in Figure 2.

The perpendicular strain measurement device is referenced to a line that
is parallel to the pipe's inside surface but above the weld zone (counterbore
region). This is done by attaching a "bridge" to the inside pipe surface
beyond the counterbore region on both sides of the weld. Ceramic pins, dropped
from this reference line, rest in indentations in the pipe surface. Clip gages
are then attached between the stationary bridge structure and tne ceramic pins
to detect pin movement perpendicular to the plane of reference. A schematic of
this device is shown in Figure 3. A close-up view of the installed profilo-
meter device is presented in Figure 4,

INSTRUMENT DOMAIN

A systematic way to measure the strain and temperature as a function of
distance from the weld centerline needed to be devised. Thus, an instrument
domain that incorporated the strain sensors and the thermocouples was designed.
A series of strain sensors measuring the strain parallel to the pipe surface
were placed both parallel and perpendicular to the fusion line, and thermo-
couples were welded between the movement markers of each clip gage. These clip
gages were spaced along the length of the weld as a function of distance from
the fusion line. The profilcmeter bridge unit was installed across the middle
of the instrument domain and all the strain measurement devices for measuring
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FIGURE 4, Profilometer Unit AiLtached to a Flat Plate

strain perpendicular to the pipe surface were placed in a straight line
dicular to the fusion line. A schematic is shown in Figure 5,

perpen-

An instrument domain was installed on the flat plate feasibility weld to
develop installation techniques and for instrumentation checkout. Photographs
of this instrument domain are shown in Figures 6 through 8. The surface and
thermocouple layout is illustrated in Figure 6 and the profilometer super-
imposed over the thermocouples and strain sensors in Figures 7 and 8. All of
the surface movement markers have been welded in place in Figure 8, but only
selected strain measurement devices are in place.

STRAIN MEASUREMENT DEVICE

Several types of clip gages, and two types of insulating legs and movement
markers for measuring strain parallel to the surface, have been evaluated, A
series of clip gage designs were fabricated at PNL and their effectiveness was
compared to commercially available MTS clip gages., The legs of the PNL clip
gages were fabricated from titanium and had two different configurations. One
configuration was the standard ASTM design that had constant arm widths and
therefore exhibited decreasing strain with increasing length along the arm,
The second was a constant strain design with sloping arm, Both arm designs
were fabricated in varying degrees of rigidity to allow for the wide variation
in strain response expected in the HAZ as a function of distance from the
fusion line (from microinches to tenths of inches).
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FIGURE 6. Instrument Domain Showing Thur'wtwuplw and

yurface Movement Marker Layout

FIGURE /., Profilometer Unit, Surface Movement Clip Gages, and Thermocouples
Attached to the Flat Plate Feasibility Weld



Showing Profilometer Superimposed over
surface Movement Marker Layout

was instrumented with a series of thermo-
‘ f the arm to determine the maximum temperature of the
jage on the etallic portion of the clip gage, It was desirable to keep
emperature of the strain yage below 250°F (~120°C)., The thermocoupled
gaye was then moved to various positions 1n the instrument domain, A no-
er-metal root pass was made for each of these domain positions to determine
her the ceramic arms were efficient enough to make the gage useful at all
tions. It was found that the temperature remained below 250°F for all

full bridge strain yage was attached to the ceramic arms and calibrated
per unit strain using a blade micrometer, as shown in Figure 4, The
PNL gage was tested before final cure and found to be relatively
with a strain measurement reading of ~10 uin, of travel per mV output,
everal more of these gages were fabricated and all of them were given a final
abilization treatment and protective coat’ 3. The gages were then rechecked
ind were found to be less stable than they were before the final stabilization

treatment. The reason for this decrease in stability is presently being inves-

Commercially available clip gages were ordered from MTS and adapted for
ise with ceramic arms. This required a different ceramic arm and surface move-
ment marker design from those used with the PNL gages, The resultant strain




sensing device is shown in Figure 9, These devices show high stability and
good strain measurement capability with typical resolutions of 10 uin. of
travel per mV output,

FLAT PLAT. FEASIBILITY WELD

The instrumentation package was tested using a flat plate feasibility
weld, A 1-in, thick, Type 304 SS plate was selected for this weld. Its thick-
ness corresponds to that of the 24-in.-dia Schedule 80 Type 304 SS pipe that
will be used in the initial TM determination experiments., A "V" groove weld
preparation was machined into the plate, and a 2T counterbore region was pre-
pared for installation of the instrument domain.

A complete instrument domain was placed on the plate, including surface
markers, thermocouples and the profilometer support structure. The completed
domain with several clip yages attached is shown in Figure 8.

The initial instrument tests on this plate were run using a wa:h-pass
technique. The plates were first joined witn an autogenous root pass (Pass 1)
with a heat input of 16 kJ/in. Seven no-filler-metal wash root passes
(Passes 2 through 8) were made at the same heat input as the original root

pass. Two filler-metal passes (Passes 9 and 10) were then made at a heat input
of 35 kJ/in,

Various instrumentation configurations were used during these feasibility
passes, Passes 1 through 3 were run with only the thermocouples and a thermo-
coupled non-strain-gaged clip gage, to determine whether the ceramic arms pro-
vided sufficient thermal insulation Lo protect the strain gages that would be

FIGURE 9, MTS Strain Sensing Units Adapted for High-Temperature Use
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installed on the clip gage arms., Passes 4 through 8 were run with the thermo-
couples and one experimental clip gage. The clip gage was moved to various
surface marker positions during a series of wash passes, to establish whether
the gage had sufficient sensitivity to be usable at many positions, and to
determine the order of magnitude of the strain induced at the various
positions.

The data for the first eight passes were reccrded with a Fluke Data Log-
ger, as the DRAS was still under construction. The data logger operated at a
rate of one data set every lU s, Sele~ted temperature histories, collected
during Pass 8, are plotted as a function of distance from the fusion line in
Figure 10, The plot depicts the change in temperature at various distances
from the fusion line. The curves show a sharp temperature rise as the arc
approaches and a relatively slow cool-down after the arc has passed. The
heating rate and the maximum temperature decrease as the distance from the
fusion line increases. The temperature profiles show that the arc induces a
temperature rise more than 1,5 in, from the fusion line.
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FIGURE 10, HAZ Surface Profiles After Initial Temperature Rise
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A composite view of the traveling temperature profile on the plate surface
can be developed from the multiple tempe rature/time plots by determining the
time when the arc is perpendicular to tre temperature indicator and then super-
imposing the plots, using the time when the arc was perpendicular to the tem-
perature sensor as a normalization basis. A composite view of the temperature
profile in the surface of the plate surrounding the arc is shown in Figure 11,
The profile exhibits a sharp temperature gradient as well as an increasing lag
time before the maximum temperature after arc passage is reached as distance
from the fusion line increases.

DISTANCE PROM WELD CENTERLINE. in

DISTANCE ALONG FUSION ZONE, in.

FIGURE 11, Two-Dimensional Surface Thermal Profile Around Arc
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The tenth pass was tne second filler-metal pass and was run under the same
welding conditions as Pass 9. Five clip gages were placed on surface markers
and four clip gages were connecteu tc the profilometer. The data for this weld
were passed through the Fluke Data Logger and collected for analysis on an
Apple computer at a rate of 8 s per complete data set. Data storage problems
were encountered during the later segment of the weld pass and the data for the
last portion of the weld were lost; therefore, the data time span for Pass 9 is
misleadingly short.

Maximum temperature as a function of distance from the fusion line was
comparable for all ten passes, as shown in Figure 12. The temperature rise,
however, was so rapid that the peak temperature was missed by a data collection
rate of one data set every 8 to 10 s. Therefore, an independent thermocouple
was attached at the weld centerline during Pass 10, and a high-speed recorder
monitored the temperature rise and recorded the exact maximum temperature. The
maximum temperature discrepancy for Pass 10 is illustrated by the comparison of
the data-logger-collected data with the strip-chart-recorded data for weld cen-
terline thermocouples in Figure 12, The maximum temperature determined by the
Fluke Data Logger data gathering system was several hundred degrees below that
recorded with the strip chart recorder. This problem will be eliminated once
the DRAS is operational.

1200
— 600
1000 4\ PASS 9 FLUKE
@ PASS 10 APPLE FLUKE — 500
. QO STRIP CHART
§ 800 v
s -m§
-
: :
¥ s00
—300;
: H
=
a
3 400 -dm;
e \L—“w
0 L L 1 e | | |
0 02 oa 06 08 10 12 14 16

DISTANCE FROM WELD Q n

FIGURE 12, Flat Plate Weld Surface Temperature Gradient
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The strain measurements (in mV) from the surface clip gages are compared
with their respective temperature profiles in Figures 13 through 17. A com-
pre:-fve wave was initially observed, changing to a tension mode once a temper-
atu. increase began. Note that the time required for the temperature and
straia to reach their maximum values is essentially the same, The time when
the arc is perpendicular to the temperature sensor is indicated on the time/
temperature and time/strain plots, The time at initial temperature rise is
indicated on the time/strain plot,

Figure 18 presents all of the time/strain plots grouped as a function of
strain direction, One set contains the strains measured perpendicular to the
fusion line while the other set contains those measured parallel to the fusion
line. It appears that the maximum tensile strain is reached before the arc
becomes perpendicular tc the sensor for the strains measured perpendicular to
the fusion line, but after the arc becomes perpendicular for the strains paral-
lel to the fusion line. If so, this phenomenon may be related tc the differ-
ence in restraint betwe>»n plate material parallel to and perpendicular to the
welding direction,

A comparison of the absolute magnitude of the three gages oriented paral-
lel to the welding direction is shown in Figure 19, and of the two clip gages
oriented perpendicular to the welding direction in Figure 20. The magnitude of
strain decreases with increasing distance from the weld centerline; and the
magnitude of strain parallel to the welding direction is considerably greater
than that perpendicular to the welding direction,

The type of data generated by the profilometer during welding is illus-
trated in Figure 21. The constantly changing portion of the strain readout
indicates that the plates are contracting due to shrinkage stresses during the
complete weld pass. The axis of bending is the centerline of the weld and the
bending tends to close the weld groove. The plot also indicates that a
thermally-induced deformation bump travels with the weld pool independently of
the plate-bending phenomenon,

A composite of the various profilometer gage outputs, Figure 22 shows that
the time the maximum height of the bump is reached lags farther and farther
behind that for the weld centerline time as the perpendicular distance from the
fusion line increases. The bump first appears ~2 in. in front of the arc and
i1s still evident more than 10 in, behind it. These results are based on the
travel speed of the arc and the time during which the deformation readings are
above the "constant" rate of bending deformation before and after the bump
passes. The maximum height cross section of the bump is plotted in Figure 23
and indicates that the width of the bump is at least 3 in, and that the maximum
height is over 0.010 in. A two-dimensional plot of the thermal bump profile,
based on the time when the arc is perpendicular to the origin, is depicted in
Figure 24,

A composite plot of the surface strains in all three directions and their
relationship to the time/temperature plot is shown in Figure 25, It is antici-
pated that analysis of this type of strain/temperature/time data will yield
full characterization of the TM history of the pipe welds fabricated in the
program,
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) map DOS as a function of dista~ce from the

na higl carbon 7,",n' 304 SS. ‘re inner dia

ychedule 80 pilpe weld was rl!?!ily"0"1. The sur-
1 bU00-grit finish and EPR test., were per-

Three probe sizes were examined

ure that the analysis area was aligned parallel to the
:sults from these tests are shown in Figure 29, This par-
1S severely ensitized to a distance of 0.5 cm from the
Importance of lateral spatial resolution on measured DOS is
pariny readings at a distance of 0.3 ) 0.4 cm from the
signiticant increase in measured DOS observed as the width
irea is reduced from 0.4 to 0.05% cm.

LORROSION CRACKING SUSCEP ITY MEASUREMENT

the primary experimental technique for evaluating the I[GSC( susceptibility
f 55 weldments will be slow strain rate/CERTs. Preliminary ~“esign for the
iutoclave and loading systems has been completed. This desiyn was based on the
"pipe" autoclave/CERT systems in use at ANL. Several modifications were neces-
sary to accommodate our different specimen design, loading requirements

5, MONni-
torin

j Capability, etc., Individual suppliers of CERT system equipment have
been contacted and bid« ) system components have been received,

N: CARBON SERIES
Carbon content is the most critical compositional variable in the sensi-
1zation of stainless The effect of bulk carbon content on DOS and
[GSCC susceptibility will be evaluated and compared to model predictions as

,
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sa visited £, Merrick T, Willianm aind J. Lewis V! Construc-
several BWR reactors bequn )y *he TVA has been t()r:f‘]r!{"(a(" It‘d\/]""j a

- 11 4 MM T
ntory of piping material, as TVA originally ordered high-carbon Type

¥

1 - | N \
for the primary piping systems and then ordered repiacement low=carbor
55 systems before installing the original systems, This was done t

the poter ial for 1GSCC. Thus

)
t , there are two primary )ing systems

] r
f

p
terminated reactor, It was anticipated that portions o

8

these systems
could be used as piping material in this and a materials inventory of
these systems was theref re carried out ible 4 lists the piping that is of
potential use for this studv,

o M. Bruemmer visited W, L. Clarke at GE-Vallecitos to discuss the use of
the EPR technique, quantification of EPR measurements, surface preparation of
pipe surfaces, and correlation between PR measurements and service experience,

larke agreed to perforn EPR tests on PNL's set of EPR standards. Discussions
were also held with M, Fox of the Electric Power Research Institute (EPRI) con-
cerning pertinent service environments for CERT/IGSCC susceptibility testing,
Several documents that report and discuss water chemistry conditions in LWRs

r

were obtained.,

S« M. Bruemmer also visited W. J. Shack and J, Y. Park at ANL. Introduc-
tory program discussions were conducted., Park expressed interest in partici-
pating 1n mini-round robin testing on PNL's set of EPR standards. G. D. Shearer
had several discussions with Park concerning CERT test system design and setup.
>ketches and equipment information on the ANL pipe autoc’ave/CERT system were
recelved from Shack.

R. E. Page and D. G, Atteridge visited H. D. Solomon at GE-Schenectady
discuss measurement of DOS and [GSCC in the HAZ of welds. Solomon has pub-
lished extensively in the area of DOS and IGSCC and SS HAZs and has ongoing
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work 1n this area. He expressed interest in the project and agreed to act as a

program advisor and/or perform experimental work for the program, as deemed
necessary.
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TASK 111: ) :(nk,(:( } rflj'“ TION "4‘ 1')7t":1vh7‘,"f' L;" _,-M
COMPONENT-SPECIFIT THERMOMECHANTCAL HISTORTES

tenit ¢ ) <nmpunvu?u of commerciail BWRS and PWRS have experienced
the HAZ of stainless steel welds in service, This type of cracking
phenomenon, although it has been '1rwly observed, can result 1n serious compo-

nent failure., Extensive research over the last several decades has defined the
factors controlling the IGSCC phenomena: sensitized microstructure

. tensile

stress, and an aggressive environment . H')wpv,-v' at 1 “»,Q».']T‘ [GSC( “qwlt‘.,', e

ility of in-service weldments can be predicted only qualitatively.
The objective of this task is to develop and v jate a methodology to
juantitatively predict the IGSCC susceptibility of reqions 1n austenitic SS
weldments, The basic methodology will include:

DOS prediction from material composition and initial condition
M history prediction from welding and/or repair welding parameters
DOS prediction from TM history
[GSCC susceptibility prediction from DOS measurements,
Each of these steps will be assessed by direct comparis . the

experimental
p
data base generated in Tasks | and [I. Existing models

be evaluated,
modified (where appropriate), and combined,

DEGREE OF SENSITIZATION PREDICTION: EFFECT OF COMPOSITION

A literature review of existing models that correlate al loy composition to
» and/or IGSCC has been initiated. Several of these models have been used to
evaluate the carbon seiies alloys discussed previously (see Table 1). A brief
description of each model is given below, Predictions are then correlated to
experimental EPR measurements of DOS after selected isothermal heat treatments.

DO

Cihal® suggested that alloy composition effects on IGSCC could be under-
stood by considering "effective” chromium and carbon concentrations, which are
defined as:

C*=C + 0,002 [ 10]

The constants in the equations above were determined empirically, Effective
concentrations can then be used to define a "composite” chromium value (K)
which indicates equivalent IGSCC susceptibility:

K = Cr* - 100C*




ers nave 0O sed gr 3',"'1&,(1’.]']‘ fo naterial evaluation as shown in
[

. . \ bar comnneitinne v
Figure 34 Equivalent [GSCC susceptibility is predicted for compositions lying
:

‘
] 1 o~ T4 < ™) {
along a ne of the Increased susceptibDiliity 1s

x Predictions for the carbon series

pe depi ted 1n this '1'jtr"-

]
M s1tions below this line

are shown in Figure 34 and in Table 5., Decreasing composite chromium

.

1 s - 1
therefore increasing I[GSCC susceptibility, are predicted for all«

. / A o
following order: 1, C€, 3. G840 CB, O}

)YS

A more 'Uﬂylw'w ind :hvVWJﬂj”dW‘ijllj-hdeﬁ method for determining the
effect of individyal alloying elements on the composite chromium value was pro-
posed by Fullman,” Thermodynamic data on Fe-Cr-Ni-(M)-C interactions were used
Lo assess the Cr concentration 1In qu‘llhr\uh with an Mu). -typr carbide as a

|

] r b
function of alloy composition., An equation for the uwaUSqrv Cr value, based

Fullman's calculations at 600°C, can be written as:

Mo + 0.15

The final method for estimating the composite Cr value listed in Tdhl,. 5
referred to as an "effective" Cr content) was presented by Briant et al.

5 Y
t is a simplified version of

+
the other two, with coefficients based on empir-

cal correlations between Types 304 and 316 SS alloys., The composite Cr value
S defined as

- 0.18 hi

n

Although the magnitude of the composite Cr values differ among the three equa-
tions, the alloy order of increasing IGSCC susceptibility is the same.

The difficulty of applying these methods to predict compositional effects
on DOS is illustrated in Figures 35 and 36, in which EPR-measured DOS is corre-
lated with predicted composite Cr values for sevaral of the carbon series
alloys. After a 625°C/24 h heat treatment, a reasonable correlation between
decreasing composite Cr and increasing DOS is observed (Figure 35). However,
at other time and temperature combinations, such as 700°C for 10 h (Figure 36),
moderate values of composite Cr show the higher sensitization levels. This is,
in part, to be expected since DOS at any time depends not only on carbide ther-
modynamics but also on the kinetics of Cr diffusion, Thus, composite Cr values
should best correlate with maximum DOS for a given composition,
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niversity of Tulsa, agreed to attempt to use his finite
element pipe welding residual strain prediction model to predict TM histories

1 5
during welding.,
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Ihe basis for future research is the collection of TM-DOS data during SS
pipe welds/repairs. This data will be used to develop a method for predicting
the DOS 1n the HAZ of a SS weld/repair, and to develop realistic weld/repair
simulation cycles that will be applied to a variety of SS compositions. The
DOS results from these latter specimens will be used in the develiopment of the
DOS prediction models,

Both weld/repair and simulation specimens will be submitted to constant
extension rate tests (CERTs) to deveiop an empirically based correlation
petween DOS and IGSCC susceptibility. This correlation will allow prediction
of the welc/repair resistance to IGSCC during the life of the component , based
on the DOS prediction for a given nuclear reactor weld/repair.
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Northwest Laboratory WNL), under a program sponsored by the Divi-
Jjineering Technology of rﬁ\ J.S. Nuclear Regulatory Commission (NRC),
ng a program to determifne & method for evaluating the acceptance of
repair-welded stainlefs stee¥ (SS) piping for light-water reactor
ce. Validated modelS, based 0§ experimental data, will be developed
the degree of sensytization (DOY) and the intergranular stress cor-
acking (IGSCC) suscgptibility in the heat affected zone (HAZ) of the
> weldments, IGSCC is cauged by a combinati®p of a sensitized microstructure,
an aggressive environment,fand tensile stress. sControl of any of these three
factors can eliminate IGSEC in most practical situations
This program will m@asure and model the develBpment of a sensitized micro-
structure as it pertain§ to welded and repair-welded. SS pipe. An empirical
correlation between a material's DOS and its susceptibility to IGSCC will be
determined using consfant extension rate tests (CERTs).% The successful comple-
of these tasks i1l result in a method for assessindthe effects o
/repairing pArameters on the IGSCC susceptibility oW, _component -specific
_reactor wefds/repairs,
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