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ABSTRACT

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
correlations between material microstructure and SCC will be determined using
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.

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 asscribes 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 development has been measured
and modeled 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 T™ exposures.
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INTRODUCT ION

Pacific Northwest Laboratory (PNL)(a) and the Division of Engineering
Technology of the U.S. Nuclear Regulatory Commission (NRC) are conducting a
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
(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.

Austenitic SS components of commercial boiling-water (BWR) and pressurized
water (PWR) reactors have experienced SCC in the HAZ of in-service S5 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 microstructure, an aggressive envi-
ronment, and tensile stress, Control of any of these three factors can elimi-
nate SCC in most practical situations,

This program will measure and model HAZ microstructural development as it
pertains to welded and repair-welded SS pipe. Empirical correlations between
material microstructure and SCC will be determined using constant extension
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.

Component -specific determination of microscructural development and SCC
resistance for HAZs after welding/repairing requires a practical method for
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-
tions for increased procedure controls and record changes will be made, as
required, to obtain realistic predictions of SCC resistance.

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

e experimental determination of the Tm nistory of the HAZ on the pipe
interior during primary and repair welds

e development of a HAZ TM history prediction method

(a) Operated for the U.S. Department oy Energy (DOE) by Battelle Memorial
Institute,



® experimental determination of HAZ microstructural development in
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 material
composition ana TM history on microstructural development and SCC
susceptibility

e experimental efforts needed to determine the relationship between a
given weld-induced microstructure and its susceptibility to SCC

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

e development of a method to predict microstructural development
(e.g., degree of sensitization) as a function of ™M history

e devel~pment of a practical method for assessing the SCC suscepti-
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.,



TASK I: 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 simi-
lar but strain-free heating and cooling cycle. It is therefore necessary to
precisely determine and duplicate the strain/temperature history of a HAZ for
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 be
a complex function of system restraint and heat absorption capability. Varia-
bles 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, 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 thermo-
couples on the pipe surface will allow real-time M history measurement,

THERMOME CHANICAL HISTORY MEASUREMENTS ON A 24-IN.-DIA PIPE WELD

The thermome~hanical 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 T™™ 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.
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FIGURE 2. Schematic of the Data Retrieval and Analysis System Components

four different types of pipe deflections. lSor a more detailed discussion of
these sensors see the 1984 Annual Report.(

A counterbore depth equal to twice the pipe wall thickness was machined
intn 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°
hevel 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 circumferentiai
distance covered by the two regions is less than half the total circumference.
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FIGURE 4, Layout of the Thermumechariical Sensors Around the Inside Surface
of the 24-in,-dia 304 SS Pipe



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 tre surface by pairs of 1/8-in.-dia S5 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 5a). 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 D0S predictions. DOS 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 Il. A comparison of the experimentally deter-
mined DOS results and the predicted DOS values is discussed in Task [II.

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 after weld passes is shown in Figure 7, comparing the
geometry hefore 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 surface during
these passes. Note that the maximum temperature profiles achieved agree well
with the placement of the welding electrode before initiation of each pass.




IGURE 5. Surface Movement Monitoring Clip Gage Attachment Studs (a) and
Completely Assembled Gage (b)
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FIGURE 6. Weld Pass Sequence (a) and Heat Input Per Pass (b) for
the First Twelve Passes of the 24-in.-dia Pipe
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FIGURE 7. Weld-Induced Groove Geometry Changes and the Effect of Electrode
Placement on Maximum Temperature Profiles

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 B8a [t 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
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
meacured temperature change in the instrument domain regiori. The instantaneous
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FIGURE 8., Cumulative Weld Region Contraction Perpendicular to the Weld
centerline as a Function of Weld Pass (a) and Changes in Weld
Groove Geometry After 12 Weld Passes (b)

deformation seen by the extensometer gage, as a function of arc-or-time in

Pass 12, along with the change in counterbore centerline temperature, measured
directly bencath the gage, is shown in Figure 9, Most of the contraction takes
place once the arc-induced temperature spike passes the gage. Contraction con-
tinues at a reduced rate as the arc travels zround 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
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FIGURE 9. Axial Extensometer Displacement and Weld Centerline
Temperature as a Furction 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 puddie,

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 gage
located 0,40 in, from the original weld centerline. The surface material is
placed in compressi before a measured 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 to
be present after the Pass 15 completed,

The magnitude of the strain change, as well as the maximum temperature,

changes on a pass-by-pass basis in relationship to the position of the welding
electrode. Temperature and strain profiles monitored 0.40 in. from the weld
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FIGURE 10, Temperature and Surface Deflection Parallel to the Weld
Centerline Induced on the Counterbore Surface 0.40 in,
from the Weld Centerline in Pass 3 of the 24-in,.-dia
Pipe Weld

centerline for the first twelve passes dare 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 Le upset and
extrudes from the counterbore surface 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 after 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 upse*ting resulting in a net pipe diameter decrease while the material
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.

The instantaneous countecbore surface movement measured under the profilo-
meter during a given weld pass is a funct<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>