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ABSTRACT

!

Pacific Northwest Laboratory (PNL), under a program sponsored by the Divi-
sion of Engineering Technology of the U.S. Nuclear Regulatory Commission (NRC),
is conducting a program 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 cor-
rosion cracking (IGSCC) susceptibility in the heat-affected zone (HAZ) of the
SS weldments. IGSCC is caused by a combination of a sensitized microstructure,
an aggressive environment, and tensile stress. Control of any of these three
factors can eliminate IGSCC in most practical situations.

This program will measure and model the development of a sensitized 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 metnod for assessing the effects of
welding / repairing parameters on the IGSCC susceptibility of component-specific
nuclear reactor welds / repairs.

The present report describes the progress of these studies during the 1983
fiscal year.

iii
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i SUMMARY
,.

/

Pacific N9rthwest Laboratories ,(PNL), under a program sponsored by _the
Division of Engineering Technology 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 (LW't) 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

.(HA7.) of the SS'weldments. IGSCC is caused by a cembination of a sensitizedz

microstructure, 'an aggressive environmant, and tensile stress. Control of any
of these three-factors can eliminate IGSCC in most practical situations.

This program will measure andzmodel the development of'a sensitized micro--'
structure ts,it ' pertains to welded'and repair-velded SS pipe. An empirical
correlation; between a material's DOS and its stisceptibil.ity to IGSCC will be
determined usingLconstant ext ension rate tests' (CERTs). ' Tha; successful comple-
tion af the'se t3sks will resultz in a method for assessing theDeffects of
welding / repairing parameters on the IG5CC suscept.ibility of comporient-specific

-nuclearreactorwelds{ repairs. 1 >r
.~ >

,

This report describes the initial efforts reeded to develop the data base
for this study. A measurement system capableyof measuring temperatures and
strains in the HAZ on the inside surface of SS pipeJwelds was develope'd. A-

~

data retrieval and analysis system capablezof recording the ~ resultant
thermomechanical histories was designed, and assembly was initiated.

, , s

b

It was determined thatlhe. electrochemical p'otentiokinetic reaclivation
' (EPR) test would be the primary nethod used tof.easure DOS values. Equipment

fc standacd laboratory and for field work was obtained and calibrated. The(
stc. dard cell equipment:was used to" determine DOS histories on a, series of '

fu'nace-treated Type 304 SS heatsi as a function'of carbon conteat'. Field ,
.

r
polishing techniques were deyelo:>ed.for use with the field -cellf.f and apaethod y
to decrease the field cell probe' size was developdd. The fieldjcell was
calibrated against the standard laboratory cell 'and was used to treasure DOS

, ,

profiles on a 24-in.-dia. Type 304 SS we3dment as a function / f pr'obe) size.'d
The subsized field probe yielded a distinctly different DOS' profile than fthe
standard-ffeld cell probe due to th% averaging effect of the larger prote.

-

d "

' n' ;> ! ,< 3 ; ;^ . if 1 lc "

' loitial , predictive calculat~iork ,were begun-for predict'ing the effect,of f
material composition c,n IGSCC susceptibility. ,The calculaticns were bastd fon
edsting mcdels (nd the results.were; compa, red to~ the experimentally. der.eihined
DOS changes as a function of co# csition. The current modeis were four
predict the change in mapmed DOS vt; lues, fairly well, but could not be;d to

f

used to
predict interrsediate DOS /3 Men t &p > 4g j<f;,,y
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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
is caused by a combination of a sensitized microstructure, an aggressive envi-
conment, 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 sensitized 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
316HG 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 TM history of the HAZ on the pipee

interior during primary and repair welds

(a) Operated for the U.S. Department of Energy (DOE) by Battelle Memorial
~

Institute.

1
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experimental detennination of the DOS and IGSCC susceptibility ofe
fully characterized pipe welds and subsequent repair welds.

Task II: Influence of Composition and Thennomechanical History on DOS
and IGSCC

experimental determination of the effects of bulk material composi-e
tion on HAZ, DOS and IGSCC susceptibility

experimental assessment of the DOS and IGSCC susceptibility of com-e
parable weldments fabricated using machine and manual welding
techniques.

Task III: IGSCC Prediction Methodology from Component-Specific Thermo-
mechanical Histories

development of a HAZ TM history prediction methode

development of a HAZ DOS prediction methode

experimental and modeling efforts needed to determine the relation-e
ship between a given weld-induced DOS and its susceptibility to
IGSCC

development of a practical method for assessing the IGSCC suscepti-e
bility of the HAZ of component-specific welds / repairs.

The progress achieved toward these goals in FY 1983, including the results of
the initial testing and cooperative work with other laboratories, is presented
in the following sections.

2
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i TASK I: WELD THERM 0 MECHANICAL HISTORY DETERMINATION

i

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 /
- repai r. 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 fran 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, weld / 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
IGSCC initiation. The placement of strain measurement devices and thermo-
couples;on the pipe surface . ill allow real-time TM. history measu'rement. -

1

.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 o

Iequipment 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 i

Analysis System (DRAS) is being developed _ specifically for this program. !

i

3
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DATA RETRIEVAL AND ANALYSIS SYSTEM

The DRAS is composed of several components, including: 1) data storage and
retrieval; 2) signal receiving, isolation and conditioning; and 3) signal
generating. These are schematically illustrated in Figure 1.

Data Storage and Retrieval

A Data General Nova computer is the heart of the data storage and computa-
tion segment of the DRAS. The computer has a high data rate analog-to-digital
(A-to-D) conversion front end and access to graphics printing equipment. It is

equipped with a fast data storage and retrieval hard disk drive unit as well as
a magnetic tape data storage and retrieval unit. The latter was added to allow
transfer of the experimental data to a computer capable of comparing TM histo-
ries predicted by finite element modeling with actual experimental data. The
Nova computer is being programmed to accept multiple input signals from the
A-to-D converter.

Sigral Retrieval, Isolation, and Conditioning

The signal retrieval, isolation, and conditioning segments of the DRAS
consist of multiple independent input channels. Signal filtering units are in
series with signal isolation and signal amplification units. The first two
units remove the arc noise from the incoming signal and ensure that the arc
current is not passed into the amplification units. The amplification units
raise the signal voltage to the correct level for the A-to-D converter.

| I I I I

TE RMIN AL COMPUTER PRINTER MAG TAPE DT A A YS S
AND MODELING

| COMrUTER

t

ANALOG-TO- 3,gggL

COEv'ERTER
'*' SENSORSIS LATI N CONDITIONER

b 25 CHANELS OF STRAIN h STRAIN

& 20 CHANNELS OF TEMPERATURE @ TEMPERATURE

& 5 CHANNELS OF WELD PARAMETERS 6 VOLTAGE, CURRENT, ETC.

50 CH ANNE LS tRE ADILY
EXPANDABLE TO 64)

FIGURE 1. Data Retrieval and Analysis System

4
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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 thei

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.
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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 parallel 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 the 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 profilometer. bridge unit was installed across the middle
of the instrument domain and.all ~ the strain measurement devices for measuring:

5

- - - . . - , --



-
!

| |,r
,

\u
f/

< 6) -< FULL BRIDGE CLIP GAGE

U

-
-_

v

. - .

CERAMIC ARM SURFAC MOVEMENT MARKERS

FIGURE 2. Calibration of a Clip Gage

i

l
l ~

WELDING ELECTRODE
| g

I

WELD GROOVE I

Ih PREPARATION h
'

lCOUNTERBORE
j:>

/ 8 x l

L_;z_J
/ M,

MEASUREMENT REFERENCE U'"'""'"""""">

[ \STRUCTURE

STRAIN GAGED ARM STRAIN GAGE

FIGURE 3. Schematic of the Profilometer Used to Measure Strain
Perpendicular to the Plate Surface

6

._ _- _ _ _ . _ _ _ . _ . _ _ _ _ . _ _ _ _ _ . _ . _ - _ _ _ . . _ . _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ . . ____



, . - - - ._ . - - - - - . - - -

Mj f *MOK'TR[T'#~'}"

[ Wr Fy -s gg, w

!

,

I

'
,~

i .- - -

riyf
.

J,*lir'

> >,.,<
_

_
,.

. . -

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

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-,

1 imposed over the thermocouples and strain sensors in Figures 7 and 8. All of
the surf ace 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

i gages were fabricated from titanium and had two different cunfigurations. 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).

I
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A constant-strain clip gage was instrumented with a series of thermo-
couples along the length of the arm to determine the maximum temperature of the
strain gage on the metallic portion of the clip gage. It was desirable to keep
the temperature of the strain gage below 250 F (~120 C). The thermocoupled
clip gage was then moved to various positions in the instrument domain. A no-
filler-metal root pass was made for each of these domain positions to determine
whether the ceramic arms were efficient enough to make the gage useful at all
positions. It was found that the temperature remained below 250*F for all
positions tested.

A full bridge strain sage was attached to the ceramic arms and calibrated
for mV per unit strain using a blade micrometer, as shown in Figure 4. The
initial PNL gage was tested before final cure and found to be relatively
stable, with a strain measurement reading of ~10 in. of travel per mV output.
Several more of these gages were fabricated and all of them were given a final
stabilization treatment and protective coati->g. The gages were then rechecked
and 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-
tigaced.

Commercially available clip gages were ordered from MTS and adapted for
use 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
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sensing device is shown in Figure 9. These devices show high stability and
good strain measurement capability witt, typical resolutions of 10 in, of
travel per mV output.

.

FLAT PLA1 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 gages attached is shown in Figure 8.

The initial instrument tests on this plate were run using a wa;h-oass
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 to protect the strain gages that would be

.:
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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 recorded 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 10 s. Sele-ted temperature histories, collected
during Pass 8, are plotted as o 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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A composite view of the traveling temperature profile on the plate surface
can be developed from the multiple temperature / time plots by determining the
time when the arc is perpendicular to tte 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 af ter arc passage is reached as distance
from the fusion line increases.
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The tenth pass was the 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 connected to 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

4

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.
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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.M ve wave was initially observed, changing to a tension mode once a temper-
atu.e 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 to 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 to the differ-
ence in restraint betwe2n 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 4 in. in front of the arc and
is 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 af ter 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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INTERACTIONS WITH OTHER LABORATORIES

R. C. Page and D. G. Atteridge visited E. Merrick at Tennessee Valley
Authority (TVA) and C. D. Lundin at the University of Tennessee (UT) to discuss
potential program interactions. TVA agreed to provide surplus Type 304 and
304L primary piping. If deemed necessary, UT agreed to provide ' field welding"
of these pipes and weld siraJ10 tion specimens derived from the TM histories mea-
sured on the pipe welds that UT'w0uld make.

W. E. Wood, Oregon Graduate Center (0GC), agreed to produce weld simula-
tion specimen; from 1M histories supplied by PNL. He and his staff modified an.

existing Apple-based iM history recording system into a field welding TM moni-
tor. The system is capable of collecting 64 channels of data at a rate of less
than one cycle per second for the 64 channels. It is proposed that the system
be used on instrumented field weldments fabricated at PNL. 0GC, and/or TVA.

>

d
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TASK II. INFLUENCE OF COMPOSITION AND
THERM 0 MECHANICAL HISTORY ON DOS AND IGSCC

Austenitic SS may become sensitized and thus susceptible to IGSCC 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 regime where chromium carbide precipitation is thermodynamically
stable (<800"C) and chromium diffusion is sufficiently 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 has tmen generated cannot be directly
applied to the understanding and prediction of weld-induced sensitization. The
development of a sensitized microstructure depends on a material's bulk
composition and TM history. Neither of these factors, nor their effect on
IGSCC, is sufficiently understood for accurate predictive modeling.

The primary objectiva of this task, therefore, is to develop a sufficient
data base to. predict DOS and IGSCC 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 gain a quantitative understanding of thermal and com-
positional effects on DOS. All data will be used in developing a DOS predic-
tion methodology based on thermodynamic and kinetic models. An empirical cor-
relation between DOS and IGSCC susceptibility will be determined in specific
reactor-relevant environments, providing a basis for IGSCC susceptibility
prediction methodology.

DEGREE OF SENSITIZATION MEASUREMENT

A significant limitation of much of the DOS measurements in the literature
is the lack of technique sensitivity and quantification for a range of DOS
values. The electrochemical potentiokinetic reactivation (EPR) test, however,
has these features and will be used to evaluate bulk composition and TM history
effects on DOS. Capability development at PNL will be demonstrated in tests on
DOS standards using both laboratory and field cell techniques.

PNL has set up two methods for DOS measurement by EPR: a semi-automatic
system, InstruSpec Model WC-5, and a potentiostat/galvanostat system, PAR
Model 173 with a PAR Model 175 universal programmer. All of the reported data
were collected with the Model WC-5 system and a test solution of 0.5 M_ H SO4+20.01 Ji KSCN, unless otherwise noted.

PNL contributed to the EPR round robin testing that was organized by ASTM
Committee G1.08. Test specimens were obtained from W. L. Clarke of General
Electric (GE)-Vallecitos. The results were in good agreement with those
proJuced by similar tests at GE and Argonne National Laboratory (ANL), and were
well within the standard deviation of the first series of ASTM round robin
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tests (in which eight laboratories participated). The largest data discrepancy
among individual investigators was in the normalization from grain size deter-
minations.

A more complete set of internal PNL EPR standards for Type 304 SS will be
selected from the carbon series specimen test matrix. Over fifty Type 304 SS
specimenshavebeenheat-treatedatPNLtoproduceagangeofEPRvaluesfrom0
to more than 100 coulombs per square centimeter (C/cm ). Particular emphasis
will be placed on specimens (of various bulk compositions) with EPR values from
0.1 to 10 C/cm . These selected specimens will undergo testing at several lab-
oratories to assess measurement consistency, and will be used as test standards
throughout the program to ensure operator competency.

Measured EPR values (i.e., charge density normalized by grain boundary
area) depend on a number of test and material parameters, which must be kept
constant to obtain quantitative DOS measurements. The importance of some of
these parameters was demonstrated during the ASTM standards testing. Moder-
dtely to severely sensitized Type 304 SS was obser"ed to be very responsive to
minor changes in solution temperature. An exampje of this behavior is shown in
Figure 26. The EPR value increased ~2 to 4 C/cm per *C, depending on material
DOS. This indicates that quantitative and reproducible laboratory resul
necessitate better temperature control than the 12 C suggested by Clark.{s mayA
temperature control of 10.5 C has been maintained for all EPR tests at PNL.

Surface preparation of EPR test specimens is known to be a critical step
in obtaining reproducible DOS measurements, particularly for field applica-
tions. Two alternative methods of field application / surface preparation for
EPR analysis are being investigated: 1) pre-polarization in the active disso-
lution range, and 2) electropolishing. Pre-polarization, or activation, of the

-

D
35 -

30 -

25 -

20 -

5 15 I I I I

E 29 30 31 32 33

SOLUTION TEMPERATURE 'C

FIGURE 26. EPR Measurements on a Severely Sensitized Type 304 SS
Specimen as a Function of Test Solution Temperature
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.

specimen surface was evaluated using four furnace-sensitized Type 304 SS mate-
rials with different DOS levels. Each specimen was mechanically polished to a
600-grit finish and activated at a potential of -0.2 V (SCE). The effect of
time at this potential on the resultant EPR-measured DOS for several alloys
(see Table 1) is shown in Figure 27. Measurements on 1- m diamond-polished
surfaces are plotted on the y axis for comparison. Preliminary results
indicate that activation times of 30 to 60 s are the most consistent for
standard diamond-polished specimens. Surface preparation differences between
standard and activated analysis techniques are illustrated in Figure 28. The
activated surfaces exhibit considerably more polishing-induced surface grooving
than the standard surface processing technique, but the pitting distribution
appears to be relatively unaffected by this difference. Tests are continuing
in an attempt to calibrate this technique for use in documenting weld HAZ
sensitization.

Scoping tests were also initiated to evaluate electropolishing techniques
for surface preparation. Various phosphoric-glycerin solutions and 70 wt%
phosphoric acid were selected for tests on a severely sensitized Type 304 SS
under designated potential / current conditions. Surface appearance will be
examined after electropolishing and EPR testing. These EPR results will be
compared to those from specimens with a 1 pm diamond-polished surface.

An important aspect of this subtask is HAZ DOS evaluation. A miniaturized
cell and reference electrode (InstruSpec Model 750) was purchased for field DOS -

measurements. Quantification tests comparing the field and laboratory cells
were conducted at room temperature and at 30 C. Results summarized in Table 2
are for activated analysis tests on specimens mechanically polished to a
600-grit finish. As the t able shows, the largest difference between the two
systems resulted from the use of the miniature reference electrode (MRE).
Field cell EPR tests resuits were identical to laboratory cell results when the
MRE was used in both cells. The MRE produced consistently higher corrosion
notentials (Eence electrodbopp) and lower breakaway potentials (E ) than a standard refer-Hov:ever, the final EPR charge densiky values were in most.

cases within the normal data scatter.

TABLE 1. Composition of Carbon Series Alloys (Type 304 SS), wt%

Alloy C Cr Ni Mn Si Mo N S P

C1 0.015 18.6 9.0 1.8 0.45 0.13 0.08 0.003 0.019
C2 0.020 18.4 9.0 1.7 0.50 0.23 0.10 0.009 0.033
C3 0.035 18.2 8.7 1.7 0.60 0.28 0.07 0.009 0.022
C4 0.045 18.2 8.4 1.7 0.75 0.19 0.09 0.005 0.022
C5 0.050 18.5 8.9 1.8 0.60 0.16 0.10 0.007 0.021
C6 0.062 18.4 8.7 1.8 0.40 0.20 0.07 0.013 0.015
C7 0.072 18.5 9.3 1.7 0.46 0.43 0.04 0.017 0.046

__
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'-~ TABLE 2. Comparison of Field and Laboratory Celi EPR Tests on
Furnace-Sensitized Type 304 SS

Lab Cell Lab Cell with MRE Field Cell
E 2 Ecorr, Y EB, Y C/cmAlloy corr, V EB, Y_ C/cm 2 Ecorr, V EB, Y C/cm2

C1 -0.492 -0.20 1.8 -0.422 -0.15 1.8 -0.436 -0.16 2.1

C4 -0.490 -0.18 9.5 -0.446 -0.14 6.5 -0.435 -0.14 5.2

C6 -0.479 -0.17 24.9 -0.438 -0.13 19.7 -0.423 -0.12 20.3

C7 -0.475 -0.11 9.2 -0.430 -0.07 9.8 -0.428 -0.08 12.0

The field cell has been used to map DOS as a function of distance from the
weld metal / base metal fusion line in a higt carbon Type 304 SS. Tra inner dia-
meter surface from a section of a Schedule 80 pipe weld was analy.ed. The sur-
face was mechanically polished to a 600-grit finish and EPR testo were per-
formed by activated analysis. Three probe sizes were examined.

0.4 cm x 0.8 cm.

0.1 cm x 0.8 cme

0.05 cm x 0.8 cm..

Care was taken to ersure that the analysis area was aligned parallel to the
fusion line. The results from these tests are shown in Figure 29. This par-
ticular pipe weld HAZ is severely sensitized to a distance of ~0.5 cm from the
fusion line. The importance of lateral spatial resolution on measured DOS is
illustrated by comparing readings at a distance of 0.3 to 0.4 cm f rom the
fusion line. A significant increase in measured DOS is observed as the width
of the analysis area is reduced from 0.4 to 0.05 cm.

STRFSS CORROSION CRACKING SUSCEPTIBILITY MEASUREMENT

The primary experimental technique for evaluating the IGSCC susceptibility
of SS weldments will be slow strain rate /CERTs. Preliminary resign for the
autoclave and loading systems has been completed. This design was based on the
" pipe" autoclave / CERT systems in use at ANL. Several modifications were neces-
sary to accommodate our dif ferent specimen design, loading requirements, moni-
toring capability, etc. Individual suppliers of CERT system equipment have
been contacted and bids for system components have been received.

COMPOSITION EFFECTS ON SENSITIZATION: CARBON SERIES

Carbon content is the most critical compositional variable in the sensi-
tization of stainless steels. The effect of bulk carbon content on DOS and
IGSCC susceptibility will be evaluated and compared to model predictions as

30
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described in Task III. Preliminary experiments have been initiated on a series
of Type 304 SS alloys ranging in carbon content from G.015 to 0.072 wt%. The
complete chemical compositions of these alloys are listed in Table 1.

The first step in characterizing the sensitization behavior of tm sec
alloys was EPR DOS measurement of isothermally heat-treated specimens. A time /
temperature matrix was selected (Table 3) to produce a range of DOS levels for
each of the alloys chosen from those listed in Table 1. This overlapping range
in DOS for various bulk carbon contents is needed to allow a critical com-
parison with model predictions and to supply specimens for EPR standards.

Measured EPR values increased with heat treatment time at 600 C and 700*C.
This reflects the growth of intergranular chromium carbides and an associated
chromium-depleted region. At 800 C, chromium diffusion is so rapid that a sig-
nificant depletion region either does not form or is removed after short
periods of heat treatment. Examples of the DOS behavinr of several carbon
series alloys are shown in Figure 30. Tests are continuing at the other tem-
peratures iadicated in Table 3.

Tne magnitude of the EPR value results primarily from dissolution of chro-
mium-depleted regions. These regions may be associated with both inter- and
intragranular precipitates. Thus, the measurej value is not related solely to
grain boundary chromium depletion. Problems may arise when attack is not pre-
dominately intergranular. In most cases of moderately to severely sensitized
materials, surface attack is more than 90% intergranular. However, a signifi-
cant amount of intragranular attack may take place on slightly sensitized mate-
rials requiring considerably more surface examination to define DOS from EPR
measurements. This may be particularly important in the present program (and
in service applications) where low DOS must be determined accurately. Typical
surface appearance after EPR testing of sensitized Type 304 SS is shown in
Figure 31. Further EPR testing and surface examination by scanning electron
microscopy are planned on the carbon series materials with low 00S levels.

TABLE 3. Heat Treatment Matrix for Isothermal Testing
of Carbon Series (Type 304 SS) Alloys

Time, h
Temperature, *C 0.1 1.0 10 100

500 X X X
550 X X X

600 X X X X
650 X X X X
700 X X X X

800 X X X

'32
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Several of the carbon series specimens have also been characterized by
transmission and scanning transmission electron microscopy with energy disper-
sion x-ray spectroscopy (STEM-EDS) under a separate program. These related
data allow an additional comparison among the carbon series alloys C1, C4, C6,
and C7. Carbide distributions at grain boundaries (Figure 32) were found to
depend on bulk carbon content for alloys with identical thermal histories.
Moreover, chromium depletion as measured by STEM-EDS was in good agreement with
EPR results. Correlations were made between EPR and the minimum grain boundary
chromium concentration or > he width of the chromium-depleted region. Examples
of these correlations 6re shown in Figure 33. Correlations of this type are
critical since predictive :odeling (if based on the physical process control-
ling sensitization) will give the extent of chromium depletion as a first esti-
mate of DOS and IGSCC susceptibility. No direct experimentation is planned in
this area under the existing program.

INTERACTIONS WITH OTHER LABORATORIES

E. I. Husa visited E. Merrick, T. Williams and J. Lewis at TVA. Construc-
tion of several BWR reactors begun by the TVA has been terminated, leaving a
large inventory of piping material, as TVA originally ordered high-carbon Type
304 SS for the primary piping systems and then ordered replacement low-carbon
Type 304L SS systems before installing the original systems. This was done to
decrease the potential for IGSCC. Thus, there are two primary piping systems
for each terminated reactor. It was anticipated that portions of these systems
could be used as piping material in this study, and a materials inventory of
these systems was therefare carried out. Table 4 lists the piping that is of
potential use for this study.

S. 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 EPR measurements and service experience.
Clarke agreed to perfon: 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
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 in 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.
Sketches and equipment information on the ANL pipe autociave/ CERT system were
received from Shack.

R. E. Page and D. G. Atteridge visited H. D. Solomon at GE-Schenectady to
discuss measurement of DOS and IGSCC 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 in this area. He expressed interest in the project and agreed to act as a
I program advisor and/or perform experimental work for the program, as deemed

necessary,

l V.
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TABLE 4 TVA Mateiial Selection

Task Diameter
Heat No. C, wt% SS Type Application in. Length,(a) ft

Task I((b)69499 0.018 316L 24 4
Task I c) + II 24 1869533 0.020 316L

25464 0.036 304 Task II 22 21
19401 0.045 304 Task II 12 15
38462 0.047 304 Task I + II 12 30
19391 0.048 304 Task II 22 8

348S30 0.057 304 Task I + II 24 20
23467 0.058 304 Task II 4 3

'"

24205 0.060 304 Task I + II 12 15
38474 0.060 304 Task II 12 12

412364 0.61 304 Task I + II 16 37
338624 0.061 304 Task I + II 24 36

24253 0.070 304 Task II 12 12
322293 0.070 304 Task II 24 20

(a) Lengths listed assume that entire pipe sections must be
obtained.

(b) Task II: Influence of Composition and Thermomechanical
History on DOS and IGSCC.

(c) Task I: Weld Thermomechanical History Determination. -

.
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TASK III: IGSCC PREDICTION METHODOLOGY FROM
COMPONENT-SPECIFIC THERM 0 MECHANICAL HISTORIES

Austenitic SS components of commercial BWRs and PWRs have experienced
IGSCC in the HAZ of stainless steel welds in service. This type of cracking
phenomenon, although it has been rarely observed, can result in 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. However, at present, IGSCC suscepti-
bility 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 IGSCC susceptibility of HAZ regions in austenitic SS
weldments. The basic methodology will include:

DOS prediction from material composition and initial condition.

TM history prediction from welding and/or repair welding parameterse
DOS prediction from TM historye

IGSCC susceptibility prediction from DOS measurements.*

Each of these steps will be assessed by direct comparison to the experimental
data base generated in Tasks I and II. Existing models will be evaluated,
modified (where appropriate), and combined.

DEGREE OF SENSITIZATION PREDICTION: EFFECT OF COMPOSITION

A literature review of existing models that correlate alloy composition to
DOS and/or IGSCC has beea initiated. Several of these models have been used to
evaluate the carbon series 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.

2Cihal suggested that alloy composition effects on IGSCC could be under-
stood by considering " effective" chromium and carbon concentrations, which are
defined as:

Cr* = Cr + 1.7 Mo

C* = C + 0.002 [Ni - 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*

39
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These parameters have been used graphically for material evaluation as shown in
Figure 34. Equivalent IGSCC susceptibility is predicted for compositions lying
.along a line of the slope depicted in this figure. Increased susceptibility is
predicted for compositions below this line. Predictions for the carbon series
alloys are shown in Figure 34 and in Table 5. Decreasing composite chromium
values, and therefore increasing IGSCC susceptibility, are predicted for alloys
in the following order: C1, C2, C3, C4, C5, C6, C7.

A more complete and thermodynamically-based method for determining the
effect of individ
posed by Fullman. gal alloying elements on the composite chromium value was pro- ;

Thermodynamic data on Fe-Cr-Ni-(M)-C interactions were used
to assess the Cr concentration in equilibrium with an Mp3 g-type carbide as aC

function of alloy composition. An equation for the composite Cr value, based
on Fullman's calculations at 600*C, can be written as:

K = Cr + 0.15 Mn + 1.42 Mo + 0.15 W - 0.2 Co + 0.2 Cu

- 0.2 Ni - 0.3 Al - 0.2 Si + Ti + 0.75 V - 11.3

(log C - log 0.04) - 4

The final method for estimating the composite Cr value listed in Tab
(referred to as an " effective" Cr content) was presented by Briant et al.je*5
It is a simplified version of the other two, with coefficients based on empir-
ical correlations between Types 304 and 316 SS alloys. The composite Cr value
is defined as

K = Cr'If = Cr - 0.18 Ni - 100 C

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 several 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.

40'
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TABLE 5. Comparison of Model Predictions for Chromium Equivalent
Parameters of Carbon Series Alloys

Cihal Fullman Briant
Alloy C r* C* Kcr Kcr Kcr

C1 18.79 0.013 17.41 17.70 15.35
C2 18.77 0.018 16.97 16.51 14.75
C3 18.74 0.032 15.59 13.90 13.27
C4 18.48 0.042 13.83 11.89 11.67
C5 18.93 0.048 14.15 12.22 12.03
C6 18.82 0.059 13.07 11.30 10.91

.

C7 19.26 0.071 12.20 10.60 9.65

DEGREE OF SENSITIZATION PREDICTION: KINETICS OF CHROMIUM DEPLETION

A kinetic model for the development of a Cr-depleted region harj been set6up based on the work of Stawstrom and Hillert and of Tedmon et al. The width
of the depleted zone (i.e., zone where chromium content is below some critical
value) can be estimated by the equation:

W = 2 / Ot (C - C )/(C -C)c e g e

where

D = Cr diffusion coefficient at some temperature T
t = time at temperature

C = critical C concentrationCC = equilibriub Cr concentration at the grain boundary
C = concentration of the bulk alloy.

Critical Cr concengtions from 13 at.% to 17 at.% have been used to " fit" -

experimental data

Preliminary comparisons have been made between EPR-measured DOS and the
predicted width of the Cr-depleted zone. A particularly good example is shown
in Figure 37 for alloy C4 at 700 C. This curve illustrates the type of predic-
tion that is being attempted and its evaluation by experimental 00S measure-
ment.

INTERACTIONS WITH OTHER LABORATORIES

E. F. Rybicki, University of Tulsa, agreed to attempt to use his finite
element pipe welding residual strain prediction model to predict TM histories
during welding.
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FUTURE RESEARCH PLANS

The 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 in 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 development of the
DOS prediction models.

Both weld / repair and simulation specimens will be submitted to constant
extension rate tests (CERTs) to develop an empirically based correlation
Detween DOS and IGSCC susceptibility. This correlation will allow prediction
of the wele/ 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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