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! NOTICE

f This report was prepared as an account of work sponsored by an agency cf the United States
j Government Neither the United States Government nor any agency thereof, or any of their
j employees, makes any warranty, expressed or imphed, or assumes any legal habihty of re-

sponsibihty for any third party's use, or the results of such use, of any information, apparatus,
product of process disclosed in this report, or represents that its use by such third party would
not infringe privately owned rights.
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NOTICE

Availabihty of Reference Materials Cited in NRC Pubhcations

Most documents cited in NRC publications will be available from one of the following sources-

1. The NRC Public Document Room,1717 H Street, N.W
washington, DC 20555

2. The Superintendent of Documents, U.S. Government Printing Of hce. Pmt Of h< e Box 37082,

|
Washington, DC 20013 7082

3. The National Technical information Service, Springfield, VA 22161

i Although the hsting that follows represents the majority of documents cited in NRC pubhcations.
it is not intended to be exhaustive,

Referenced documents available for inspection and copying for a fee from the NRC Pubhc Docu
| ment Room include NRC correspondence and internal NRC memoranda; NRC Of f ace of Inspection
| and Enforcement bulletins, circulars, information notices, inspection and investigation notices;
; Licensee Event Reports, vendor reports and correspondence, Commission papers, and apphcant and'

bcensee documents and correspondence.

The following documents in the NUREG series are available for purchase from the GPO Sales<

Program. formal NRC staff and contractor reports, NRC sponsored conference proceedings, and
NRC booklets and brochures. Also available are Regulatory Guides, NRC regulations in the Code ut

| Federa: Regulations, and Nuclear Regulatory Commission issuances.

Documents available from the National Technical Information Service include NUREG series
reporis and technical reports prepared by other federal agencies and reports prepared by the Atomic,

Energy Commission, forerunner agency to the Nuclear Regulatory Commission.

Documents available from pubhc and special technical hbraries include a'l open hierature items.
Such as book s, journal and periodical articles, and transactions. Federal Register notices, federal and
state legislation, and congressional reports can usually be obtained from these hbraries

! Documents such as theses, dissertations, foreign reports and translations, and non NRC conference
proceedings are available for purchase from the organisation sponsoring the pubbcation cited

'
Smq!e copies of NRC draf t reports are available f ree, to the emtent of supply. upon written request

i to the Division of Technical information and Document Control, U S. Nuclear Regulatory Com
mission. Washington. DC 205S5

! Copies of industry codes and standards used in a substantive manner in the NRC regulatory process'

are maintained at the NRC Library, 7920 Norfolk Avenue, Bethesda, Maryland, and are available
there for reference use by the pubhc. Codes and standards are usually copyrighted and may be

| purchased from the originating organization or, if they are American National Standards, from the
j American National Standards institute,1430 Broadway, New York, NY 10018.
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ARSTRACT

Pacific Northwest Laboratory, under the sponsorship of the Division of
Engineering Technology of the U.S. Nuclear Regulatory Commission, is conducting
a program to determine a method for evaluating welded and repair-welded stain-
less steel (SS) piping for light-water reactor service. Validated models,-

based on experimental data, are being developed to predict microstructural
development (e.g., the degree of sensitization) and the stress-corrosion crack-
ing (SCC) resistance in the heat-affected zone of the SS weldments. Stress-,

corrosion cracking is caused by a combination of a susceptible microstructure,
an aggressive environment, and tensile stress. Control of any of these three

,

factors can eliminate SCC in most practical situations.
,

This program will measure and model the development of a susceptible
microstructure as it pertains to welded and repair-welded SS pipe. Empirical

j correlations between material microstructure and SCC will be determined using
j constant extension rate tests. The successful completion of these tasks will
. result in a method for assessing the effects of welding / repairing parameters on
| the SCC resistance of component-specific nuclear reactor welds / repairs.

i The present report describes the progress of these studies during the
first half of the 1985 fiscal year.
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SUMMARY

Pacific Northwest Laboratory, under the sponsorship of the Division of
Engineering Technology of the U.S. Nuclear Regulatory Commission, is conducting
a program to determine a method for evaluating welded and repair-welded stain-
less steel (SS) piping for light-water reactor service. Validated models,,

based on experimental data, are being developed to predict microstructure
development (e.g., the degree of sensitization) and the stress-corrosion crack-
ing (SCC) resistance in the heat-affected zone (HAZ) of.the SS weldments. This

,

program is measuring and modeling the development of a susceptible microstruc-
ture as it pertains to welded and repair-welded SS pipe. The successful
completion of these tasks will result in a method for assessing the effects of

! welding / repairing parameters on the SCC resistance of component-specific
nuclear reactor welds / repairs.

This report describes the progress of these studies during the first half
of the 1985 fiscal year. Detailed temperature and strain histories have been
monitored and are being analyzed as a function of distance through the HAZ of a
24-in.-dia Type 304 SS pipe weld. Sensitization developnent has been measured
and nodeled after both thermal and thermomechanical (TM) exposures, and the HAZ
DOS has been mapped after each weld pass of the 24-in.-dia weld. Significant
progress has been made in model development, enabling the prediction of DOS
evolution in a large number of heats after isothermal, continuous-cooling, and'

actual welding TM exposures.
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INTRODUCTION
i

Pacific Northwest Laboratory (PNL)(a) and the Division of Engineering
Technology of the U.S. Nuclear Regulatory Commission (NRC) are conducting aj-
program to determine a method for evaluating welded and repair-welded stainless
steel (SS) piping for light-water reactor (LWR) service. Validated models
based on experimental data are being developed to predict microstructural
development (e.g., degree of sensitization) and the stress-corrosion cracking

i (SCC) resistance 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 are being considered.

j Austenitic SS components of commercial boiling-water (BWR) and pressurized
| water (PWR) reactors have experienced SCC 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. SCC
is caused by a combination of a sensitized mictostructure, an aggressive envi-

,

'

ronment, and tensile stress. Control of any of these three factors can elimi-4

1 nate SCC in most practical situations.
\
j This program will measure and model HAZ microstructural development as it
) pertains to welded and repair-welded SS pipe. Empirical correlations between
i material microstructure and SCC will be determined using constant extension
i rate tests (CERTs). The successful completion of these tasks will result in a
{ method for assessing the effects of welding / repairing parameters on the SCC

resistance of component-specific nuclear reactor welds / repairs.!

j Component-specific determination of microstructural development and SCC
resistance for HAZs after welding / repairing requires a practical method fori

determining the fabrication history of the components. This program will use-

; mill heat chemistries, in addition to the processing and fabrication records
already required in the nuclear industry, for initial predictions. Recommenda-4

| tions for increased procedure controls and record changes will be made, as
required, to obtain realistic predictions of SCC resistance.;

1

i The test matrix includes 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 Determination

experimental determination of the TH history of the HAZ on the pipej e
interior during primary and repair welds.

development of a HAZ TM history prediction methodeq

i
I (a) Operated for the U.S. Department of Energy (00E) by Battelle Memorial
i institute.
!

.
f

! 1

1
1

t
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experimental determination of RAZ microstructural development in'e

fully characterized pipe welds and subsequent repair welds

Task II: Influence of Composition and Thermomechanical History on SCC

experimental determination of the effects of bulk materiale

composition ana TM history on microstructural development and SCC
susceptibility

experimental efforts needed to determine the relationship between ae

given weld-induced microstructure and its susceptibility to SCC

Task III: SCC Prediction Methodology from Component-Specific Thermomechanical
Histories

development of a method to predict microstructural developmente

(e.g., degree of sensitization) as a function of TM history

develrpment of a practical method for assessing the SCC suscepti-; e

bility of the HAZ of component-specific welds / repairs.

Progress toward these goals in the first half of FY 1985 is presented in the
following sections.

i

e

>

.

,

4

l

2

i
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.

TASK I: WELD THERM 0 MECHANICAL 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 straini

cycle increases the resultant sensitization of the HAZ over that predicted from
strain-free isothermal data or that measured in specimens subjected to a simi-

.

lar but strain-free heating and cooling cycle. It is therefore necessary to

j precisely determine and duplicate the strain / temperature history of a HAZ for i

correct determination of the effect of welding on SCC susceptibility. 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 where stresses can be relieved by plate bending, while cir-
cumferential restraint restricts metal movement in a pipe weld. !

:
'

Previous experimentation involving the HAZ TM history concentrated on
temperature measurements as a function of time and distance from the fusion

; line. The present work will determine simultaneously the strain and tempera-
ture history 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 be1

i
a complex function of system restraint and heat absorption capability. Varia-
bles that can be expected to influence the TM history are pipe diameter and4

wall thickness, changes in wall thickness from one side of the fusion line to
the other, depth of counterbore, weld / repair groove geometry, amount of weld
crowning, weld heat input, length and depth of repair, and welding technique.;

One 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'

IGSCC initiation. The placement of strain measurement devices and thenno-
couples on the pipe surface will allow real-time TM history measurement.

THERM 0 MECHANICAL HISTORY MEASUREMENTS ON A 24-IN.-DIA PIPE WELD
,

The thermomechanical history for a 24-in.-dia Type 304 SS Schedule 80 pipe
: weld is being monitored on a pass-by-pass basis. This is being done in order

to generate a TM history data base for model development and assessment as well
as to supply realistic TM cycles for use in weld simulation specimen testing.'

Degree of sensitization (DOS) measurements are being taken as a function of
| distance from the weld centerline between passes to allow determination of
| weld-induced microstructural changes.
!

I
1

3
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|

|

Experimental Setup

The 24-in.-dia 304 SS pipe is being welded in the 2G position with the
| pipe axis oriented in the vertical direction. The welding technique is mechan-'

ized gas tungsten arc welding (GTAW) using an Astroarc 200-amp welding power
supply (a Bechtel-modified Model E-200P) and welding head (Model AM-11) with
the welding head traveling in a horizontal plane around the pipe, as illus-

,trated in Figure 1. The welding head drive wheels ride in grooves machined in l
the pipe surface instead of the clamp-on segmented track that is normally used
in field welding applications. This was done to control electrode movement out
of the plane of the weld as the electrode travels around the pipe circumfer-

The out-of-plane movement using the clamp-on track was over 0.05 in.,ence.
while it is less than 0.001 in. using the machined track.

The TM history data are being collected by a computer-based Data Retrieval
and Analysis System (DRAS). The DRAS is capable of scanning 120 separate sen-,

; sor channels and collecting a complete data set 25 times a second. The present
configuration of the DRAS systen is shown in Figure 2. The various TM history
sensor signals are isolated and amplified before they enter the analog-to-
digital converter portion of the DRAS in order to keep currents / voltages asso-1

ciated with welding away from the computer system.

The TM history sensors consist of chromel-alumel thermocouples, which are
used to measure temperature changes, and modified commercial MTS fracture-
toughness, crack-opening-displacement clip gages, which are used to measure

1

i

S i l d il P c |.

* - % { ,

*w
.

'

u

y

)
-

I

.

|

j' [^ g j !,

FIGURE 1. Monitoring of Thermomechanical History During Welding of 24-in.-dia
Schedule 80 Type 304 SS Pipe

4
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| | Greater Capacity
'Data Analysis

Terminal Computer Printer Plotter Mag Tape and Modeling
Computer ;

t

Analog to Signal
'"* ''Dg Isolation / Conditioner

h 17 Channels of Strain +-- Strain
h 36 Channels of Temperature h Temperature

h 5 Channels of Weld Parameters & Voltage, Current, etc.

58 (Readily Expandable to 112
Channets)

FIGURE 2. Schematic of the Data Retrieval and Analysis System Components

these sensors see the 1984 Annual Report.Ifor a more detailed discussion offour different types of pipe deflections.
i

i
J

A counterbore depth equal to twice the pipe wall thickness was machined
into the inside surface of both sides of the pipe ends before weld joint pre-
paration. The weld preparation used in the 24-in.-dia weld was a standard
" narrow-gap" configuration used in GTAW of heavy-walled pipe as diagrammed in
Figure 3. A land was used instead of a consumable insert ring to facilitate
the placement of the various sensors as a function of distance from the weld
centerline. The first half inch of wall thickness was machined as a 37.5
bevel from the vertical, while the rest of the wall was machined on a 10
bevel. All temperatures and inside pipe surface deflection measurements were
confined to the counterbore surface area region.

Temperatures and strains are recorded as a function of arc-on-time and
distance from the weld centerline. Counterbore surface strains are measured
parallel and perpendicular to the weld. Surface deflections perpendicular to-

the plane of the counterbore and changes in concentricity of the pipe during
welding are also monitored.

The counterbore surface had been separated into two instrumentation
regions as a function of circumferential distance around the inside of the

; pipe. The first region consists of an instrument domain where surface tempera-
ture and strain measurements are taken. The second region consists of a DOS
measurement area. Placement of the two regions around the pipe circumference
is shown in Figure 4. Thermocouples are present in both regions while strain
sensors are only present in the instrument domain region. The circumferential
distance covered by the two regions is less than half the total circumference.

,
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The weld is started a considerable distance before the instrument domain.
The first deflection monitor activated by the arc heated region is the extenso-
meter. This gage monitors the overall axial expansion and-contraction of the
pipe in that region of the weld. A thermocouple monitors the surface tempera-
ture on the weld centerline directly beneath the extensometer.

The arc heat then encounters a series of surface strain-measurement gages
and thermocouples as the arc continues around the pipe. The gages are attached
to the surface by pairs of 1/8-in.-dia SS studs. A thermocouple is spot welded
to the pipe surface between the studs to allow simultaneous monitoring of tem-
perature and strain. A series of pairs of studs, oriented either parallel or
perpendicular to the weld centerline, are attached to the counterbore surface
(Figure Sa). A set of " feet" with knife edges for clip gage attachment are
placed on each pair of studs. Modified crack-opening-displacement clip gages
are then placed between the feet. Each modified clip gage consists of a stan-
dard MTS clip gage with ceramic leg extensions for thermal and electrical iso-
lation. An external spring is placed over the outside edges of the feet to
counteract the outward force exerted on the feet by the clip gage (Figure 5b).

A profilometer measures deflection perpendicular to the counterbore sur-
face at six points on the counterbore surface. The profilometer is basically a
bridge suspended over the weld HAZ with surface movement monitoring devices
suspended from the bridge. One leg of a clip gage is attached to the station-
ary bridge while the other leg reacts to surface movement through a ceramic /
metal stylus.

The DOS-measurement region has a line of thermocouples perpendicular to
the weld centerline to allow subsequent DOS predictions. 005 readings are
taken in this region as a function of distance from the weld centerline between
each pass. The technique used in making these readings and the DOS measurement
results are discussed in Task II. A comparison of the experimentally deter-
mined DOS results and the predicted DOS values is discussed in Task III.

TM History Measurements

The weld pass sequence of the first twelve weld passes is schematically
represented in Figure 6a. The heat input used in these passes is presented in
Figure 6b. The nominal fill per pass is also illustrated in these figures.
The weight of weld filler metal used to achieve this fill is determined on a
pass-by-pass basis and the resultant change in groove geometry due to each pass
is recorded photographically after each pass. An example of the groove geome-
try changes observed af ter weld passes is shown in Figure 7, comparing the
geometry before and after Pass 7. The figure also illustrates the welding
electrode placement for the seventh and eighth pass as well as the resultant
maximum temperature profiles achieved on the inside counterbore surf ace during
these passes. Note that the maximum temperature profiles achieved agree well
with the placement of the welding electrode before initiation of each pass.

7
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,

The extensometer gage documents the axial expansion or contraction taking
place over the total length of pipe being welded. Tne post-pass gage readings
indicate that considerable shrinkage took place during the first twelve weld
passes, Figure Ba. It appears that the average weld contraction was 0.022 in.

| per pass for the first seven passes, after which it began tapering off. The
| total weld contraction after twelve passes was greater than 0.200 in. The

groove fill and contraction taking place during the first twelve passes are ,
i

illustrated in Figure 8b. Note that it appears that the contraction of the'

groove side walls is nominally parallel to the original groove side walls.

Weld contraction begins as soon as welding is initiated and before any
measured temperature change in the instrument domain region. The instantaneous

10
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deformation seen by the extensometer gage, as a function of arc-on-time in
Pass 12, along with the change in counterbore centerline temperature, measured
directly beneath the gage, is shown in Figure 9. Most of the contraction takes

Contraction con-place once the arc-induced temperature spike passes the gage.
tinues at a reduced rate as the arc travels around the pipe. A region of
expansion is observed as the arc once again approaches the gage before the weld
is terminated. Note that there is no appreciable temperature rise at the weld

11
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Temperature as a Function of Welding Time During
Pass 12

centerline beneath the gage during this expansion and that an accelerated con-
traction takes place right after the arc is extinguished. This indicates that
a " cold" deformation region extends several inches in front of the weld puddle.

Strain changes measured in the plane of the counterbore surface do not
take place until the arc is close to the strain sensor position. A typical
surface strain and temperature profile is shown in Figure 10 for a clip gagelocated 0.40 in. from the original weld centerline.;

The surface material is
placed in compression before a raeasured temperature increase and goes into
tension once a temperature begins to increase. The material then goes back

;

|
into compression as the a,c travels on. A permanent tension offset appears tobe present after the pass is completed.

The raagnitude of the strain char.ge, as well as the maximum temperature,
changes on a pass-by-pass basis in relationship to the position of the weldingelectrode. Temperature and stratn_ profiles monitored 0.40 in, from the weld

12
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centerline for the first twelve passes are presented in Figure 11. The abso-
lute strain magnitude achieved during a weld pass and the tension offset appear
to increase as the welding proceeds.

! The post-pass counterbore surface movement detected by the profilometer
gages indicates that the material near the weld continues to be upset and

"extrudes from the counterbore surf ace during at least the first twelve weld
passes. The amount of localized counterbore diameter change and surface
upsetting that was observed during the first twelve passes is illustrated in
Figure 12. The original counterbore surface is defined as the straight line in>

the figure. The dotted contour illustrates the counterbore surface af ter four
passes while the solid line illustrates the surface contour after twelve-'

passes. It appears that the material very near the weld centerline undergoes
plastic upsetting resulting in a net pipe diameter decrease while the material 1

'

a little farther out undergoes plastic upsetting that results in a net increase
in pipe diameter. It is assumed that the material farther out eventually
blends into the original contour of the pipe.

j

The instantaneous counterbore surface movement measured under the profilo-
meter during a given weld pass is a function of arc position (or welding time),

,

as illustrated in Figure 13. The counterbore diameter appears to get larger
once the arc is ignited. It then gets smaller as an arc-induced thermal bump,

travels under the profilometer styluses. Instantaneous pipe diameter increases.

as the thermal bump passes and then decreases as the arc continues to travel
| around the pipe. -The magnitude of the detected surface change decreases with

increasing distance from the weld centerline as illustrated in Figure 13.

,
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! The TM monitoring results reported above indicate that the TM history seen
by the HAZ is a complex heating and simultaneous deformation process., They
indicate that considerable plastic strain takes place during the weld thermal

;
cycle and that both compressive and tensile plastic strain take place duringwelding.! The strain difference measured between the start and the finish of
the weld pass is of much smaller magnitude than the plastic deformation seen
during the cycle. Plastic strain monitored during welding appears to bei

i sufficient to substantially change the resultant weld-induced DOS from that
expected from similar strain-free thermal cycling.

| THERM 0 MECHANICAL HISTORY MODELING
|
'

A variety of techniques of predicting the TM history of the inside surface
HAZ of a pipe weld are being evaluated. Thermal history prediction techniques
range from simple closed form bead on (or in) plate solutions to sophisticated
finite element modeling. Strain history models under consideration vary from.

'

finite element prediction models to experimentally determining cyclic strain
for several pipe sizes and estimating all strain conditions from an experi-;

mental basis.!
1

These various models will be evaluated for applicability and validity by
comparing their predictive output to the data collected during welding of the

1 24-in.-dia pipe. Relevant models will be modified as required to yield a TM
predictive capability that can be integrated with the microstructural change
predictive model presently being developed as discussed in Task III.;

,

;
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TASK II: INFLUENCE OF COMPOSITION AND THERM 0 MECHANICAL HISTORY ON SCC

Austenitic SS may become sensitized and thus susceptible to SCC when
chromium-rich carbides precipitate at grain interfaces, causing a chromium
depletion of the adjacent matrix. This phenomenon is controlled by the thermo-
dynamics of carbide formation and the kinetics of chromium diffusion. In a
temperature egime where chromium carbide precipitation is thermodynamically
stable (<850"C) and chromium diffusion is suf ficiently rapid (>500 C), a SS can
become sensitized in a relatively short time.

Stress-corrosion cracking of SS has been studied extensively for more than
20 years. However, much of the data that have been generated cannot be
directly applied to the understanding and prediction of SCC in the HAZ. The
development of a sensitized microstructure depends on a material's bulk compo-
sition and TM history. Neither of these factors, nor their effect on SCC, is
sufficiently understood for accurate predictive modeling.

The primary objective of this task is to develop a sufficient data base to
predict microstructural development (e.g., DOS) and SCC susceptibility as a
function of TM history and material composition. Experimentation will involve
weld simulation and small-diameter pipe weld parametric studies. Selected
isothermal testing will also be conducted to gair 2 quantitative understanding
of thermal and compositional effects on microstructural development. All data
will be used in developing a microstructural development prediction methodology
based on thermodynamic and kinetic models. Empirical correlations between
material microstructure and SCC susceptibility will be determined in specific
reactor-relevant environments to provide a basis for the SCC susceptibility
prediction methodology.

MATERIALS

Approximately thirty heats of Type 304 or 316 SS have been obtained for
isothermal, weld simulation and welding experimentation. Half of the program
heats are in the form of 4-in.-dia pipe (Schedule 40 or 80). The majority of
the experimental work is being performed on these pipe heats. Bulk composi-
tions of the full matrix of program heats are listed in Table 1. Several of
the c b and nitrogen contents have been changed from those reported previ-

to reflect additienal chemical ar.alyses.ously '

EPR MEASUREMENTS OF SENSITIZATION DEVELOPMENT

Experimental Procedure

Specimens for analysis were metallographically prepared to a 1-pm diamond
finish. Electrochemical potentiokinetic reactivation (EPR) tests were per-
formed using an ISI Model WC-5 Test conditions
have been reported previously.gl Sensitization Detector.A minimum of two tests were conducted on
each specimen to determine DOS. Reported EPR-DOS values are normaliz by the

!

specimen area and grain ei7e following the method outlined by Clarke. I

17
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TABLE 1. Bulk Compositions and Grain Sizes of Program Pipe and Plate Heats

Composition, wt%
A S TMI !Heat Type C Cr Ni Mo Mn Si P S N 8 Grain Size (b)

'

_

SSI 304L 0.013 18.21 10.34 0.07 1. 54 0.58 0.012 0.00d 0.039 0.001 4.4
SS2 304L 0.013 18.20 10. 54 0.25 f.82 0.45 0.009 0.022 0.046 0.002 5
SS3 304L 0.019 18.30 10.33 0.20 1.51 0.45 0.012 0.001 0.018 0.001 5
SS4 304 0.044 18.35 9.18 0.31 1.63 0.36 0.012 0.001 0.049 0.002 7
SS5 304 0.054 18.42 8.47 0.08 1.01 0.53 0.012 0.011 0.062 0.001 6
SS6 304 0.050 18.67 8.78 0.16 1.89 0.38 0.012 0.002 0.059 0.001 6.5

| 557 304 0.060 19.17 9.54 0.12 1.31 0.42 0.013 0.015 0.041 0.001 4.5!

SS11 Sibt 0.015 17.93 12. 73 2.11 0.89 0.65 0.014 0.001 0.020 0.001 6
SS12 316L 0.014 17.77 12.64 2.18 0.89 0.60 0.014 0.005 0.023 0.001 6
$513 31ol 0.013 17.53 12.70 2.10 1,39 0.59 0.014 0.001 0.027 0.001 6
SSI4 316L 0.020 16. 92 12.90 2.30 1.66 0.38 0.014 0.002 0.011 0.001 6
SSIS 316 0.035 17.32 10.91 2.15 1. 7I 0.63 0.On3 0.012 0.062 0.002 4
SS!6 316 0.058 17.11 11.43 2.26 1.77 0.41 0.014 0.005 0.008 0.002 7
SS17 316 0.067 16.81 11.21 2.20 1.46 0.28 0.016 0.020 0.071 0.003 4

CI 304L 0.016 18.55 8.91 0.14 1.81 0.46 0.019 0.004 0.083 -- 4.5
C2 304L 0.020 18.38 9.03 0.23 1.65 0.51 0.033 0.009 0.067 6--

C3 304 0.034 18.25 8.77 0.29 f. 70 0.59 0.024 0.009 0.075 -- 5.5
C4 304 0.052 18.16 8.26 0.19 1.72 0.77 0.018 0.006 0.088 -- 4
C5 304 0.050 18,64 8.92 0.17 f . 80 0.61 0.022 0.007 0.098 -- 6
C6 304 0.062 18.48 8.75 0.20 1. 72 0.39 0.013 0.013 0.065 -- 4.5
C7 304 0.072 18.53 9.33 0.43 1. 74 0.46 0.046 0.017 0.036 -- 5
CIO 316 0.050 17.40 12. 50 2.17 f.30 0.66 0.032 0.018 3.5-- --

NI 316L 0.011 16.50 10.18 2.06 1.67 0.62 0.030 0.013 0.086 -- 4
N2 316L 0.019 16.20 10.35 2.15 I. 70 0.42 0.030 0.013 0.087 -- 4
N3 316LN 0.023 17.00 10.48 2.16 f.84 0.61 0.025 0.003 0.154 -- 5.5
N4 316LN 0. 014 86.80 10.34 2.!6 1.63 0.59 0.026 0.009 0.145 4--

N5 316LN 0.024 16.75 10.49 2.10 !.62 0.54 0.023 0.0l8 0.i63 -- 5.5
Nb 316Lh 0.012 16.63 10.60 (2.10 1,69 0.52 0.022 0.006 0.190 5--

s

(a, SS designatio, indicates pipe material, C and N des;pnations In1(cata plate material.(b) Grein sizes are for as-received, m!!'-annealed material.
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All program heats listed in Table 1 were isothermally heat treated at tem-
peraturesrangingfrom500to800Candfortimesfrom0.1to500h.(gisdata
base has been used for preliminary correlations to model predictions.
Selected heats have also been evaluated after continuous-cooling heat treat-
ments. Maximum temperatures of 800, 900 and 1000 C have been examined with
cooling rates ranging from 0.02 to 5 C/s.

Isothermal Sensitization: Nitrogen Series

Sensitization development in the nitrogen series heats (N1 through N6)
tracked reasonably well with bulk carbon con'.ent, and g onsistent with the
results for the other program heats reported earlier. Nitrogen levels did
not have a controlling influence on sensitizition development within the range'

examined (0.08 to 0.20 wt%) in these heats. Examples of the time-temperature-
DOS behavior for these materials are shown in Figure 14 for heat treatments at
600 and 700 C.

Oegree of sensitization as measured by EPR increases with time at tempera-
ture. Heats with the higher carbon levels (N2, N3, and N5) reach significant
EPR-DOS values (>15 C/cm') af ter 100 h at 700 C or 500 h at 600 C. Heats N4

andN6withgarbonlevelsoflessthan0.015wt%achieveEPR-00Svaluesofmore
than 10 C/cm after 500 h at 600 C. This illustrates the fact that even very
low-carbon materials (<0.02 wt%) can be sensitized using extreme heat
treatments.

The effect of nitrogen content on sensitization development was evaluated
by comparing Type 316L and 316LN heats with similar carbon contents. Three
Type 316L pipe heats with relatively low nitrogen contents (0.02 to 0.027 wt%)
are plotted along with three of the nitrogen series heats in Figure 15. All
six of these heats have carbon contents between 0.011 and 0.015 wt%. Sensiti-
zation development in heats N4 and N6 is nearly identical to that for heats
SS12 and SS13, even though the nitrogen series heats have about seven times the
nitrogen content. These EPR data suggest that the additional nitrogen has
little effect on sensitization development. However, more detailed examination
of heat-treated specimen microstructures using analytical electron microscopy
showed that nitrogen has a significant effect on grain boundary precipitation.

The primary grain boundary precipitates observed in Type 316L heats (such
as SS12 and SS13) are M C carbides. On the other hand, the Type 316LN heats
exhioit both carbides (23documented in Figure 16.23 6) and nitrides (Crg ) tion development is similar

M N along grain boundaries as
he fact that sensitiza

between the Type 316L and 316LN heats may be the result of nitride formation'

This may compensate, the inhibition
Severalinvestigators\g<haveshown

that also contributes to sensitization.
of carbide precipitation by nitrogen.
tnat nitrogen reduces sensitization at levels up to about 0.12 wt%, but is not <

as effective at higher nitrogen contents. This is consistent with results for
heat N1 (0.093 wt% N) where little sensitization was observed even after 500 h
at 600*C (Figure 15).
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Sensitization develops more slowly in the higher-carbon, nitrogen series
heats N2 and N3 than in heat SS13 as illustrated in Figure 17. Heat N5 exhib-
ited DOS values comparable to those for SS13. This is probably due to

can be interpreted in line with previous work on nitrogen effects,g,gsults
increased nitride precipitation at grain boundaries. Although the

it is

important to note that, by themselves, they do not show that nitrogen has a
significant effect on sensitization.

Continuous-Cooling Sensitization

Eleven heats were selected for continuous-cooling testing af ter examina-
tion of tne isothermal data. Five Type 304 SS (SS2, SS3, SS4, SSS, and SS7)
and six Type 316 SS (SS13, SS14, SS15, SS16, N2, and N5) heats were examined.
Preliminary experiments included three maximum temperatures (800, 900, and
1000*C) and three cooling rates (0.05, 0.5, and 2 C/s) from each maximun tem-
perature.

The effect of bulk composition on sensitization development was generally ;

position, expressed as a composite chromium content,Qmportance of bulk com-
similar to that indicated by isothermal testing. Th i

iis shown in Figure 18
for Types 304 and 316 SS heats after specific thermal exposures. The DOS dur-
ing a particular thermal treatment is inversely related to the material chro-
isothermal sensitization.y*gpe of relationship is also observed aftermium composite value. Th
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Grain Boundary Precipitates in 316 LN (0.013C; O.18N) Ahoy Sensitized at 700 C for 100 Hours
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Although the correlation between sensitization development and chromium
'

composite exists for continuous-cooling sensitization d the relative agree-mentwasmuchbetterforisothermalsensitizationdataga'g This is primarily
' due to differences in mill-annealed conditions among the heats tested. Differ-

ences in initial condition directly influence the time required for grain
boundary carbide precipitation and the onset of sensitization. Because of the
relatively short time at temperature where precipitate nucleation can occur
during a continuous-cooling treatment, initial material condition is more
important during continuous cooling than for an isothermal heat treatment to
determine the extent of sensitization.

Sensitization development during continuous cooling depends on both the
maximum temperature and the cooling rate. The effect of cooling rate on
EPR-DOS is illustrated in Figure 19 for several Types 304 and 316 SS heats. In
general, sensitization increases as the cooling rate decreases. An exception
to this was observed when the maximum temperature was 1000*C. Measured EPR-DOS
values were often lower after the slowest cooling rate (0.03*C/s) than the
moderate cooling rate (0.6*C/s). Reasons for this reversal are not fully
understood at this time. However, the initial mill-annealed condition is being
removed during thermal treatments reaching 1000 C and may result in slower sub-
sequent sensitization kinetics. Additional tests are under way at .950,1000,
and 1050*C to expand our data base and understanding of this aspect of cont nu-
ous-cooling sensitization.

DIRECT MEASUREMENTS OF CHROMIUM DEPLETION

In order to model sensitization development, the first step required was
to mathematically define those processes controlling sensitization, i.e., chro-
mium carbide precipitation and development of a chromium-depleted zone. To
ensure that the proper approach was implemented, a limited amount of direct
measurements of chromium depletion at grain boundaries in Types 304 and 316 SS
has been performed. A critical result of this work was the determination of
empirical correlations between actual chromium depletion and DOS measurements
by EPR. This was necessary to enable model verification based on a simple,
inexpensive test (EPR).

Experimental Procedure

A Philips EM 400T scanning transmission electron microscope (STEM)
equipped with an ultra-thin-window, energy-dispersive x-ray detector was used
for microchemical analysis. Materials were mechanically and electrochemically
thinnedtolessthan150nmfcrexaminationangnalysis. Quantification ofx-ray spectra was made using the Cliff-Lorimer technique, which relates
x-ray intensities to elemental compositions through proportionality constants.
Various materials and conditions have been examined, but most analyses have
been conducted on heats C6 (Type 304 SS) and C10 (Type 316 SS). Compositions
of these heats are given in Table 1. Specimens were solution annealed at
1100*C for 1 h, quenched and isothermally heat treated at temperatures between
500 and 800*C.
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Chromium-Depletion Measurements

Grain boundary chromium minimums and the widths of chromium-depleted zones
were found to vary with heat treatment. The effect of heat treatment time on
sensitization was examined for both materials at 700 C. Chromium-depletion
width increased sharply as the annealing time was incressed from 1 to 10 to
100 h as illustrated in Figure 20 and Table 2. Both alloys show only a narrow-
chromium-depleted zone after 1 h which developed to an overall width of about
one-hal f micron af ter 100 h. The density and size of carbides along grain
boundaries also increased with heat treatment time. Typical carbide morpholo-
gies and regions of analysis between carbides are shown in Figure 21.

Chronium concentration gradients among the various carbide grain bound-
aries analyzed were reasonably consistent for a particular heat treatment.
Only the least sensitized materials (700 C for 1 h) showed any significant
(>20%) boundary-to-boundary variation. Results from grain boundary regions
with the maximum depletion widths and minimum chromium concentrations are
reported. Analyses of grain boundary regions a significant distance from car-
bide precipitates or those which showed evidence of boundary movement during
annealing were not included in the comparison. Both of these regions exhibited
chromium concentration distributions significantly different from those of
" typical" boundaries.
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TABLE 2. Minimum Grain Boundary Chromium Concentrations, Chromium-Depleted
Zone Widths, and DOS Measured by EPR

Heat Minimum Grain Depletion Width, nm
Treatment, Boundary Chromium Below EPR-DgS,Heat 'C/h Concentration, wt% 13% Cr 15% Cr C/cm

C6 500/100 14.4 <10 20 16

(304 SS) 700/1 + 11.0 50 300 63
500/100

600/100 11.4 30 100 46
625/25 11.2 20 30 35
700/1 12.5 10 20 14
700/10 11.4 20 50 60
700/100 11.9 100 320 82
800/10 14.6 0 320 1

C10 600/100 11.7 60 180 51

(316 SS) 700/1 15.9 <5 <10 3
700/10 10.4 50 120 35
700/100 11.7 200 500 100
800/10 11.9 100 250 35

No consistent variation in molybdenum concentration was observed as a
function of distance from the grain boundary for the Type 316 heat. Although
there was some indication of grain boundary depletion of molybdenum with
increasing annealing time at 700*C, the depletion was less than 0.5 wt% and was
not consistent on the boundaries examined. The additional analysis required to
quantify the molybdenum concentration profiles was not performed in this study.

Specimens heat treated at other temperatures were evaluated to indicate
the effect of annealing temperature on chromium depletion. The development of
the chromium-depleted zone in the Type 304 alley is considerably slower at4

600 or 500*C than at 700*C, as evidenced by comparing results after 100-h
t

anneals (Table 2). Chromium-depletion widths drop from ~500 nm at 700*C to
~100 nm at 600*C and to ~20 nm at 500*C. This change is consistent with the
effect of temperature on chromium diffusivity.

The minimum grain boundary chromium concentration is another aspect of the
chromium-depleted zone expected to change significantly with heat treatment I

temperature. As shown in Table 2, only a small decrease in chromium minimums
was noted at temperatures lower than 700*C. The high value at 500*C after
100 h results from a profile too narrow to properly measure. The minimums
measured at 600 and 625*C were not biased by this limitation. No grain bounda-
ries or carbide interface regions were identified with chromium concentrations
less than 10 wt% regardless of heat treatment conditions.

4
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A decrease in minimum grain boundary chromium concentration with tempera-
ture can be seen by including the 800 C results. Minimums were more than 3 wt%
lower in Type 304 specimens and about 1.5 wt% lower in Type 316 specimens when
comparing the 700 C and 800 C results. In order to examine minimums at lower
temperatures, a dual heat treatment of 700 C for 1 h plus 500 C for 100 h was
given to the Type 304 heat. The 700 C heat treatment produced a high density
of carbides along grain boundaries and enabled significant chromium depletion
to develop during the 500 C anneal . Even though the depleted-zone width is
quite large after the dual anneal (~300 nm), minimum grain boundary chromium
levels remained near those measured after the 600 and 700*C heat treatments.

Comparison of Chromium-Depletion Measurements to EPR Measurements of DOS

If the EPR test predominantly attacks chromium-depleted regions within the
austenitic stainless steel microstructure, then a correlation should exist
between the chromium-depleted zune width and depth and EPR-DOS value. Examine-
tion of Table 2 indicates that significant depleted regions, particularly those
below 13 wt%, produce large DOS values. The comparison between depletign andDOS also points out that moderate levels of sensitization (5 to 15 C/cm )
result from very narrow depletion widths. The data from Table 2 have been
combined with various other measurements on different heats in Figure 22 to
illustrate the relationship between DOS and chromium-depletion width.

The comparison of EPR-DOS and chromium depletion by STEM-EDS indicates
that both depletion width and depth control attack during the EPR tests. One
might expect the volume of the depleted zone below some critical chromium level
to best correlate to EPR results. While some reduction in data scatter can be
seen comparing Figure 23 to Figure 22, the volume correlation does not show a
significant improvement. The volume depletion parameter was calculated by
determining the two-dimensional area of the region defined by the depletion
width below 15 wt% and the minimum grain boundary chromium concentration.

Several reasons may account for the lack of a quantitative correlation
between EPR and STEM-EDS measurements. The most important is that the
available data base is not sufficient to make a more detailed comparison.
Chromium depletion neasured by STEM-EDS is documented on only a small number of
grain boundaries. In obtaining these measurements, there is some variation in
minimum chromium concentration and depletion width on different grain
boundaries. This is particularly true for moderately sensitized specimens and
for those heat treated at higher temperatures (>700 C). Carbide precipitation
is not a homogeneous process and, as a result, precipitate density (and
chromium depletion) can vary along individual boundaries and among different
boundaries. Thus, the limited number of depletion profiles documented does not
provide a quantitative basis for accurate correlation to EPR results.

STRAIN EFFECTS ON SENSITIZATION DEVELOPMENT

An important aspect of sensitization development in a weldment HAZ is the
presence of simultaneous deformation during the welding cycle. In order to
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generate an adequate data base for the understanding and modeling of HAZ sensi-
tization, a series of experiments are continuing to determine strain effects on
sensitization development. The effect of uniaxial straining during isothermal
heat treatments has been investigated using flat tensile specimens strained at
constant rates during additive isothermal exposures. Control (unstrained)
specimens are attached to the gage region of the tensile specimen and heat
treated simultaneously. DOS measurements are taken after each exposure using
the field cell EPR technique. Typical isothermal cycles have been 0.5 or 1 h
at 600*C for the first several cycles. Longer exposures are then used to
achieve a total test time of 9 h.

A significant acceleration in sensitization kinetics has been documented
due to the presence of simultaneous deformation on several Type 304 SS heats.
Measurable sensitizaticn is observed in shorter times, and DOS reaches high
values during the additive cycles in strained versus unstrained specimens.
Examples of sensitization development as a function of heat treatment time are
shown in Figure 24. Significant sensitization is observed after 1 h in the
strained specimens, whereas a comparable level is not reached in the unstrained
specimens, even after 9 h. Most grain boundaries are attacked in the EPR test
in the strained specimen after only one hour indicating a continuous grain
boundary depletion zone. The unstrained specimen shows only attack on isolated
grain boundary sections.

Strained and unstrained specimens of heat C7 were examined by TEM and
STEM-EDS techniques after the final additive thermal cycle. Bright and dark
field micrographs are presented in Figure 25. These show typical microstruc-

I tures at relatively high magnification. The accumulated damage (i.e., disloca-
, tion density) as a result of the simultaneous deformation of 6% strain per hour

is obvious in the bright field image. Another apparent difference between
! strained and unstrained specimens is the shape of the carbide precipitates.
! They are elongated along the boundary in the unstrained material and extend

preferentially into one grain in the strained material. Not all boundaries
exhibit this appearance in the strained specimen, but a significant percentage .

do. It is possible that only boundaries that were properly oriented to the
applied stress undergo this carbide growth pattern.

Chromium depletion was much more pronounced in the strained than in the
unstrained material as shown in Figure 26. Minimum chromium levels on the
strained specimen were found to be close to 8 wt% compared to about 13 wt% in
the unstrained specimen. No chromium depletion below 9.5 wt% has been observed
in any of the isothermally heat-treated specimens. Simultaneous strain appears
to have a dramatic effect on both the thermodynamics and kinetics of sensitiza-
tion. Another aspect of the chromium-depletion profiles in the strained speci-
men is that the depletion profile is not symmetric around the grain boundary
(as is generally the case for unstrained specimens). Minimun chromium levels
are observed to be tens of nanometers from the boundary in grains where car-
bides are extended. These observations give some insight into the considerable
effect that simultaneous plastic deformation has on sensitization development.
Experiments are continuing to isolate the mechanism (s) for the increase in sen-
sitization kinetics. Grain boundary movement during thermomechanical treatment
may play an important role in this process.
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SENSITIZATION DEVELOPMENT IN WELDMENTS

Degree of sensitization measurements have been made on several 24-in.-dia
and 14-in.-dia pipe welds as a function of distance through the HAZ using the
field cell EPR technique. A detailed mapping of DOS has been conducted after
each of the initial twelve passes of the instrumented TM history weld described
in Task I. Conditiogg*{gr the field cell EPR tests are comparable to thosedescribed previously except that the pipe surface is prepared to a 600-
grit finish and pre-etched at a potential of -0.2 V for 30 seconds before
establishing the corrosion potential and passivating the surface. These
pretreatments eliminate the need to. diamond polish the specimen surface.

Variations in DOS through the HAZ have been mapped using several different
analysis areas. The smallest analysis area used, which still gives reproduc-
ible results, was found to be 0.1 cm by 0.4 cm. More commonly, a mask, 0.1 cm
by 0.6 cm, is used to map the HAZ in 0.1-cm steps. A large mask, 0.4 cm in
diameter, is also used to corroborate the small-area results. Care must be
exercised with the small mask to ensure that preferential attack has not
occurred at or under the edges of the mask. Data scatter in the small-area
measurements is greater than scatter using the larger' area or in laboratory
tests. Typically repetitive measurements are within 120% for the smaller area
compared to 110% for the larger area. An average of three tests is reported.

Examples of DOS mapping through a weldment HAZ are shown for the -
24-in.-dia TM history weld in Figure 27. Data for seven of the first eight
passes document the increase in DOS with weld pass. The large-area-EPR
measurements are plotted in Figure 27a and the small area measurements in
Figure 27b. Differences in DOS values between the two tests primarily result
from the larger area averaging over the higher EPR-DOS regions. In both cases
DOS is relatively low until Passes 5 and 6, where levels increase to near the
maximum. No significant changes in DOS are observed after Pass 8.

Several other HAZs have been mapped af ter welding. Consistent with
24-in.-dia TM history weld, a maximum DOS has been observed at a distance
between 0.1 and 0.4 cm from the fusion line. The extent of the sensitized
region and the maximum DOS value varies considerably depending on welding
parameters.

,
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TASK III: SCC PREDICTION FROM COMPONENT-SPECIFIC
3

THERM 0 MECHANICAL HISTORIES ;

1

Austenitic SS components of commercial BWRs and PWRs have experienced SCC ;
in the HAZ of SS welds in service. This type of cracking phenomenon can result '

in serious component failure. Extensive research over the last several decades
has defined the factors controlling SCC: susceptible microstructure, tensile
stress, and an aggressive environment. However, at present, SCC susceptibility
of in-service weldments can be predicted only qualitatively.

The objective of this task is to develop and validate a methodology to
quantitatively predict the SCC susceptibility of HAZ regions in austenitic SS
weldments. The basic methodology will include:

TM history prediction from welding and/or repair-welding parameterse

Microstructur31 development prediction from TM history and frome

material composition and condition

SCC susceptibility prediction from material composition and condi-e

tion, from TM history and from microstructure.

Each of these steps will be assessed by direct comparison to the experimental
data base generated in Tasks I and II. Models will be developed, evaluated,
and modified (where appropriate) to best predict the overall data base.

QUANTITATIVE MODELING 0F SENSITIZATION DEVELOPMENT

A model for the prediction of material DOS as a function of bulk composi-
tion, initial condition, and TM history is being developed. Basic components
of the model include determination of the equilibrium chromium concentration at
the carbide-matrix interface based on the thermodynamics of carbide formation,
chromium concentration gradients based on " effective" diffusivities, and an
empirical correlation between chromium depletion and DOS as measured by the EPR
test. Empirical correlations also present in the model adjust composition bulk
diffusion, and the onset and progression of healing during extended heat
treatment.

The DOS predictive model is currently written in BASIC to run on a
per onal computer. Sections of the current version require input of material
composition (Ni, Cr, C, Mo, and N), material condition (mill annealed or solu-
tion annealed), and selected material properties, including any prior EPR-DOS
value. Choices can be made concerning isothermal exposure, linear continuous
cooling, and the effect of simultaneous strain on the DOS prediction. The com-
putation sections of the model include a thermodynamic calculation to define
chromium concentrations at the carbide / matrix interface for each temperature
and a kinetic calculation to define, through conventional chromium diffusion
analysis, the depleted zones as a function of time and temperature. The
initially developed model used data for the thermodynamics and diffusivities

!

for austenitic SS appearing in the literature. As the experimental and litera-
ture data base has increased, the model has been empirically adjusted.
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An important aspect of the model is the prediction of DOS in a form that
| allows straightforward comparison to experiment. Thus, existing model capabil-
' ities and attempts to improve the predictive ability can be evaluated using an

inexpensive, yet quantitative technique (i.e., EPR). Sensitization development
during isothermal or continuous-cooling heat treatments has been modeled in
both Types 304 and 316 stainless steels. Comparisons between measured
(Task II) and predicted EPR-DOS values are presented and discussed in the fol-
lowing sections. The final section assesses the ability to predict DOS in an
actual pipe weldment by comparison to the results from the 24-in.-dia TM
history weld.

! CONTINUOUS-COOLING SENSITIZATION PREDICTIONS

Continuous-cooling sensitization is evaluated by using small, additive
isothermal time steps to approximate the cooling (or heating) curve. The model
requires that information concerning maximum temperature and cooling rates be
input. Examples of model predictions illustrating the effect of maximum tem-
perature and cooling rate on DOS are shown in Figure 28. Sensitization
increases for all three cooling rates as the maximum temperature is increased
to about 800*C. The predicted DOS during a single thermal cycle is constant
for maximum temperatures between 800 and 900 C for the slowest coolina rate
(0.1*C/s), 800 and 940*C for a rate of 1.0'C/s, and 800 and 975'C for' a rate of
10*C/s. At higher temperatures (exact temperature depends on cooling rate as
indicated above), DOS begins to decrease until it reaches a value that is con-
stant over some temperature range.

The two plateaus in the curves shown in Figure 28 indicate predictions for
mill-annealed (upper) and solution-annealed (lower) material. When high tem-
peratures (>900*C) are reached for a sufficient length of time, the material
condition changes from mill annealed to solution annealed. Since the " effec-
tive" chromium diffusivity is slower for solution-anr.ealed material, the
resultant DOS is smaller. The increase in DOS with maximum temperatures up to
about 800*C is due to the fact that sensitization is predicted to occur at
temperatures up to 800*C for a heat of this composition. Thus, maximum
temperatures below 800*C would have a shorter time in the temperature regime
for sensitization and produce a smaller predicted DOS.

Differences in model predictions for mill-annealed and solution-annealed

material are also illustrated in ggg have been compiled and compared to
29. Continuous-cooling sensitization

measurements from several sources
model predictions. The curves represent model predigtfons of the cooling rate,

required to produce an EPR-DOS value of about 5 C/cm . Data points are based
on modified Strauss test results with open points showing no attack and closed
points showing intergranular attack. Overall predictiongends are quite good,considering that the material used by Hishida and Nakada probably was in the
mill-annealed condition (due to a lower-temperature anneal) and the others were
in the solution-annealed condition. The data presented in Figure 29 illustrate

; the effect of bulk carbon content on model predictions.

|
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A more detailed assessment of model prediction of sensitization develop-
ment has been performed by comparison to program continuous-cooling experiments
described in Task II. Measured and predicted EPR-DOS for several Type 304 SS
heats are presented in Figure 30. In general, predictions reflect sensitiza-
tion development in the heats.. However, agreement with the ent 9 data set is
not nearly as good as noted from comparison to isothermal data. 1 This is not
unexpected due to the more complex nature of the continuous-cooling thermal
treatment and because the model was developed and modified based on primarily
isothermal results. Assessment of the continuous-cooling data is continuing

; along with additional experimentation at different maximum temperatures and
i cooling rates. It is expected that modifications to the model will be required
.

to better predict the full data base.
!

.HAZ SENSITIZATION PREDICTIONSj

Sensitization development in the HAZ of several 14- and 24-in.-dia pipe
| welds has been modeled. Ini i comparisons for the 14-in.-dia weld were dis-

cussed in an earlier report. A detailed comparison will be presented here
for the 24-in.-dia TM history weld. The 24-in.-dia weld is unique because it
was fully instrumented to map pass-by-pass TM history (Task I) with DOS
measured in the HAZ after each pass by EPR (Task II). Thus, an accurate
pass-by-pass data set is available for direct comparison of experiment and,

model prediction.'
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Thermal history data from HAZ thermocouples were compiled during heating
and cooling for each location and input for model predictions. A gradual
increase in DOS is predicted from Passes 1 through 5 as illustrated in
Figure 31a. Predictions are only made at thermocouple locations of 0.38, 0.51,
0.64, and 0.77 cm from the weld centerline. Extrapolation of thermal input
between these data points was not done, but it appears that maximum DOS occurs
between 0.5 and 0.6 cm due to the balance between maximum temperature and
cooling rate.

Model predictions are assessed by comparison to a " composite" of~ the
experimentally measured DOS after each pass (Figure 31b). This composite
profile incorporates an analysis of both the small- and large-area EPR data
from Figure 28. Good agreement can be seen in the location of maximum DOS and
the shape of the DOS versus HAZ location curves. Final measured DOS levels are
somewhat higher (~25%) than predicted levels. Differences might be even
greater if the model did not overpredict the first few passes. Overall, how-
ever, the correlation between prediction and experiment is promising consider-
ing the model data base to date has primarily been isothermal sensitization
data. The overprediction during the early passes reflects the need for a
better treatment of precipitate nucleation in the model for continuous-cooling
thermal cycles. The final underprediction of DOS results in part from
neglecting the effect of deformation during the thermal cycle. If, for
example, empirical correlations based on the isothermal strain effects on
sensitization experiments (Task II) are used to accelerate sensitization
kinetics, simultaneous strains of 1% to 2% during each pass will give predic-
tions comparable to those measured. Preliminary analysis of measured displace-
ments in the HAZ during each pass indicates such strains are produced. Model
modification and analysis of these data are continuing.
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