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ABSTRACT

An analytical model has been developed tor predicting thermomechanical effects on the
development ot grain boundary chromium depletion in austenitic stainless steel as a first step in
predicting intergranular stress corrosion cracking susceptibility. Model development and validation
is based on sensitization development analysis of over 30 Type 316 and 304 stainless steel heats.
The data base included analysis of deformation effects on resultant sensitization development.
Continuous cooling sensitization behavior is examined and modeled with and without strain, Gas
tungsten arc girth pipe weldments are also characterized by experimental measurements of heat
affected zone temperatures, strains and sen- ‘tization during/after each pass; pass by pass thermal!
histories are also predicted, The model is then used to assess pipe chemistry changes on
chromium depletion changes.
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times 1s critical for realistic predictions of sensitization development.'®® Both isothermal and CC
research work has shown that plastic strain dramatically increases sensitization development, 24
S8 W -k reported herein discusses programmatic developments in modeling CC experimental
results a.d application of these technigues to prediction of weld induced sensitization.
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Figure 1 Correlation Between Degree of Sensitization as Measured by EPR and

Ductility as Measure in Slow-Strain-Rate Stress Corrosion Cracking Tests.
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continuously cooled to 400°C using three linear cooling rates of 0.05, 0.10, and 1.0°C/sec, and
then air cooled 1o room temperature. The cooling cycle was initiated immediately upon reaching
the peak temperature A typical CC thermal cycle used in the study is shown in Figure 4.

A series of samples were subjected to CC thermal cycles as described above except that
they were quenched in a stream of compressed air from various cycle temperatures within the
sensitization regime (i.e., above 400°C) in order to gain a better understanding of DOS
development during cooling.'®”' This allowed evaluation of EPR-DOS developmant during cooling
10 be characterized as a function of temperature (and time) during individual linear CC instead of
only assessing effectiveness of the total cycle on sensitization development.

2.3 Degree of Sensitization Measurements

The DOS of each teast specimen was measured using the single loop EPR test, as proposed
by Clarke ™ "% The EPR test was repeated on each sample 3 times and the results averaged to
determine the EPR-DOS. The single ioop EPR test method consists of developing potentiokinetic
curves of a polarized specimen by the use of a controlled potential sweep from the passive region
1o the active region (reactivation). A passive film is first formed on the specimen surface and then
break-down of this film is characterized by the severity of grain boundary attack that occurs in the
Cr-depleted regions during reactivation. Non-gensitized SSs exhibit a low current density during the
rgactivation step resulting from the stability of the passive film. However, sensitized $S5s show
higher current densities due to passive film breakdown in Cr-depleted regions near grain
boundaries 1%

The parameters of the EPR test are listed in Table I. The EPR tests were performed
according 1o the following procedure: (1) the open-circuit corrosion potential (E,) of the working
electrode versus SCE was measured; (2) the sample was passivated at a passivation potential (E)
of +200 mv for 2 minutes; (3) the reactivation scan was performed by sweeping the potential of
the sample from the Ep to £, at a rate of 3 voits/hour; (4) the area of the reactivation peak was
integrated during the reactivation scan to obtain the total charge value, Q. The integral charge
value, O, was subsequently normalized to the grain boundary area (GBA) of each test specimen 1o
obtain the normalized total charge Pa (EPR-DOS) value {coul./cm?), using the relationship outlined
by Clarke et al.:‘¥

Pa (ooul./em?) = Q/AGBA) (1)

GBA = As(5.1 x 10? exp (0.36X)] (2)

where (As) is the masked specimen area {cm®} and (X) is the ASTM grain size at a magnification
of 100. The grain size of specimens from each sample set were measured using the three-circle
method outlined in ASTM E112 after electrolytic etching with an agueocus solution of 0% nitric
acd. An illustration of increasing EPR-DOS with increasing corrosion current flow from previously
passivated specimen surfaces is shown in Figure 5.

Specimens were metallographically examined after EPR testing since prior deformation has

been reported to induce transgranular (TG) carbide precipitation in austenitic SSs. Transgranular
precipitation of carbides inhibits quantification of the EPR test (since the results are narmalized to
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prain boundary area where al' of the attack is assumed to take place) and may have an influence on
the grain boundary chromium-depletion profiles. Transgranular precipitation has also been reported
to dncrease the susceptibility of sensitized austenitic materials to 1GSCC.!13 1%
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has been presented, it seems logical that the critical peak temperature effect is associated with the
rarbide solubility temperature, and this concept was used in programmatic model development, as
discussed below. If this is true, it is to be expected that any carbides present would be dissolved
thus making renucleation of the carbides much more difficult upon subsequent cooling when the
temperature reached during the continuous cooling cycle is above the critical peak umpcrlturo.”"

The critical peak temperature for sensitization of alloy 17 material in the current work was
defined as beinyg between 900 and 950°C, probably closer to 950°C, an4 the carbide solubility
temperature for the material used in this study was calculated to be approximately 880°C. Carbon
solubility in Type 316 S5 as a function of temperature was calculated from the work of
Deighton'?®) and is illustrated in Figure 7.

3.2 Sensitization Induced in Alloy 17 During the Cooling Cycle

In the current work, sensitization development during the cooling cycle was measured as a
function of minimum cycle temperature. The sensitization response of Alloy 17 material, as a
function of the minimum temperature reached during the cooling cycle, prior to quenching, is
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In certain regions of the plots, such as between 10 and 20% prior strain, data extrapoiation was
utilized so that uniform surface grids could be obtained. Three-dimensional observation of this type
allows sensitization for this particular alloy 1o be mapped tor prior defermation from O to 20%,
peak cycle temperatures from 800 to 1050°C, and coaling rates from 0,05 to 1.0°C/s.

It 1s clear from the 3-D surface plots that prior deformation significantly enhanced the rate of
CC sensitization development in the 316 S5 used in the present study Significant enhancemem of
sensitizaton development occurred with as little as 5% strain and DOS continued to increase with
increasing strain up to the strain limit of 20% used in this study. This trend is especially clear for
peak cycle temperatures below 950°C. However, deviations from this general trend are evidemt
when the EPR-DOS values for 10 and 20% prior strain samples are compared for a cooling rate of
0.05%C/s (Figure 13). These differences can be explained on the basis of strain recovery for the
higher peak cycle temperatures as detailed below.

As expected, prestrained specimens showed the same effects of peak temperature (critical
peak temperature phenomenon) as the MA material.  As shown In Figures 11-13, the peak
temperature observed was ot constant for all cycles, but was either 800°C or 950°C. The
critical peak temperature (~ 950°C) was generally the same for the MA and 5% prior strain
specimens at all cooling rates. For a cooling rate of 1.0%C/sec, all MA and prior strain specimens
had a critical peak temperature of 950°C. Mowever, for a cooling rate of 0.10°C/sec, the 10%
and 20% pnor stiain specimens showed almost equal EPR-DOS values at a peak temperature of
900°C as for a peak temperature of 950°C. Finally, at a cooling rate of 0.06°C/sec, the 1G™ and
20% prior strain specimens showed a definite decrease in the critical peak temperature as EPR
DOS values were significantly higher for a peak temperature of 8009C than for 950°C.

Limited TG carbide precipitation was observed in 20% prior strain samples heated 1o peak
temperatures of 800, 850, and 9C0°C (cooling rates of 0.05°C/sec and 0.10°C/sec). However,
TG precipitation was not evident in the 20% prior strain specimens heated to a peak temperature
of 950°C. It should be noted that recrystallization did not occur in any of the samples during this
study. Theretore, it can be concluded from the EPR test data and microstructural analyses that
strain recovery played an important role in the current work. Recovery was especially significant in
10% and 20% prior strain samples heated to peak temperatures of 950°C and above.

These results are very significant in that, although the 10 and 20% prior strain samples
showed evidence of recovery at 950°C, the DOS in these specimens was sti!l signif.cantly higher
than the MA samples. The prior strain samples also had higher EPR-DOS values than the MA
material at a peak temperature of 1000°C where the rate of strain recovery is greater than at
950°C. Interestingly, even the 10 and 20% priar strain samples showed enhanced EPR-DOS for a
peak cycle temperature of 1000“C and a cooling rate of 1.0°C/sec. Apnarently, the time at
elevated temperatures was not sufficient to cause complete recovery of the strain.

It is believed that the kinetics of recovery for the 20% prior strain samples was greater than
that for the 10% prior strain samples (as indicated by the EPR-DOS and TG precipitation evidence
presented earlier). This would explain why the sensitization enhancement of the MA matenal with
20% prior strain was not much greater than that for 10% prior strain at slow cooling rates and
peak temperatures of 950°C and below. In fact, the 20% prior strain sampler provided less

14
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Figure 13 Three-Dimensional Surface Map of Prior Strain Effects on CC sensitization Behavior
for Alloy 17 at a Cooling Rate of 0.5°C/s.

enhancement of sensitization than did the 10% prior strain samples for a cooling rate of
0.05°C/sec at peak temperatures of 900°C and 950°C. This is balieved to he due to the recovery
process. Apparently, thore is a complicated correlation between the amount of prior deformation,
peak cycle temperature, time spent at elevated temperatures, and the amount of recovery that
takes place in the strained specimens. All of these factors influence the effect of prior deformation
on the enhancement of sensitization.

As mentioned previously, the 20% strain samples subjected to peak temperatures of 800°C,
850°C, and 900°C (for cooling rates of G.10°C/sec and 0.05°C/sec) did exhibit some TG attack
after EPR testing. However, these were the only specimens that showed TG attack after EPR
testing. Therefore, the EPR-DOS results shown for these samples slightly overestimate the actual
grain boundary chromium-depletion.

Quantification of sensitization using EPR-DOS values can be rer. Jered «nvalid if large amounts
of transgranular precipitation are present. This is because the method used to normalize the
integrated charge value (Q) by the grain boundary area of the sample to obtain the EPR-DOS as
outhined previously relies upon all of the attack during the EPR test being uniform and specific to
the grain boundaries. Therefore, if a large amount of TG carbide is present and results in TG attack
during testing, the EPR-DOS value obtained is no longer representative of Cr-depletion conditions at
the grain boundaries. This is not considered to be a factor in the present work sinca the TG attack
observed was minor and only occurred for a few thermal treatments.

17



3.4 Prestrain Effect on Alloy 17 Sensitization Development During
the Cooling Cycle

Sensitizaton development of MA and prestrained MA (10% prior strain) samples, heated 10 a
peak temperature of 950°C and slow cooled at a rate of 0.05°C/sec, are compared in Figure 14.
Detormation was found to significantly enhance the sensitization development of the MA material
throughout the CC sensitization temperature regime (at least down 1o 600°C). A small, but equal
amount, of sensitization was found to have developed in MA and 10% prior strain samples cooled
to a mimmum temperature of 800°C. This result is not surprising since the EPR-DOS values
obtained for a sample guenched from a high peak temperature such as 900°C are primarily
controlled by the minimum grain boundary Cr concentration which is expected to be high and limit
DOS values. However, the results do indicate that carbide precipitation and more importantly,
sensitization, occurred at relatively high temperatures, that is between 950 and 800°C, for both
MA and prestrained materials

Prestrained MA sampies had EPR-DOS values higher than MA samples for all minimum
temperatures of B50°C and below. As cooling progressed to lower temperatures, the difference in
EPR-DOS values between the prestrained and MA samples became larger. This is evidence that
strain had a significant effect on the kinetics of carbide growth and sensitization development for ;
temperatures at least as hugh as 850°C

3.5 Discussion of Effects of Prior Deformation on Continuous Cooling
Sensitization

in the current work, enhancement of sensitization development due to prior strain has been
quantitatively mapped as a function of cooling rate and peak cycle temperature for prior strains up
to 20%. Strain recovery has been shown t0 be a factor in reducing the effect of strain on
sensitization enhancement, especially for peak temperatures above the critical peak temperature.,
Results reported previously on the effects of strain on CC sensitization have, in some cases, been
contradictory and were not as quantitative as the current results.''7.18.22

in a previous study, Solomon''”! reported that 5% prior strain was required to enhance CC
sensitization but that strains of up 1o 25% did not have any greater enhancing effects than 5%.
This is in contrast to the current study in which DOS development increased with increasing prior
deftormation. Solomon also reported that sensitization development in another heat of 304 SS was
not enhanced by 10% strain. These results may suggest that heat-to-heat variations in $8s exist
and can affect the observed CC sensitization response of annealed and strained materials.
Howevar, in the case of 5% versus 25% prior strain, the technigue Solomon used for measuring
DOS may have had an effect on the results obtained. One factor which may have hindered the
gquantification of sensitization for Solomon’s research was that the modified Strauss test was used
tor DOS determination. Although the modified Strauss test has been found to correlate well with
grain boundary Cr-depletion, it is not fuliy quantitative, not a suitable method for detecting very
low degrees of sensitization, and may be ineffective for samples with very high DOS values in
which penetration of the sample reached 100%./®2%
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4.C SENSITIZATION MODELING

Sensitization modeling is based on diffusional concepts which allow prediction of grain
boundary chromium depletion, as defined by a chromium minimum and chromium depletion profile
as a function of distance away from the grain boundary. It is possible 10 experimentally
measure the exact chromium depletion profile using the scanning ransmission electron microscope
(STEM) and this has been done for many specimens as a function of heat treatment and
compogition 7587 However, STEM analysis technigues are not applicable 1o large test
matrix analysis. Thus the majority of sensitization measurements were carried out using the
[ PR test. This test was specifically developed to detect and quantify the presence of chromium
depletion regions, as mentioned above. An empirical correlation between measured STEM
chramium depletion and EPR-DOS allowed model predictions of EPR-DOS from basic predictions of
chromium depletion, 232627

4.1 Continuous Cooling Model Development

The SSDOS model treated continuous cooling induced sensitization development as step-wise
sothermal sensitization development.® Small isothermal steps (determined based on cocling tate)
at average temperatures were used to calculate total sensitization development. Cumuiative
sensitization from previous steps was first determined. Then sensitization a1 the active step was
determined from the known initial sensitization level and the time at the active isothermal step,

This new sensitization value was then input as the initial sensitization level for the next isothermal
step

The time at the active isothermal temperature needed 1o achieve the initial cumulative
sensitization value was back calculated and then added to the hold time at the active isothermal
temperature 10 yield an “effective” hold time. A new cumulative sensitization value s then
caleylated from this effective total hold time at the given active isothermal temperature. The
accelerating effect of plastic strain was taken into account by simply multiplying chromium
ditfusivity by an empincally derived factor proportional 10 total strain, 24

Predictions of continuous cooling sensitization development were made using SSDOS and
compared with actual continuous cooling data developed using a Gleeble, equipment specifically
developed for thermomechanical cycle simulation, as previously discussed. Comparison between
predicted and measured EPR-DOS indicated that SSDOS consistently over predicied sensitization
development, Figure 15a.'% The probable cause is the assumption of instantaneous carbide
precipitation and development of minimum chromium grain boundary levels.

A more accurate prediction of continuous cooling sensitization was obtained by insertion of a
module 10 predict nucleation time. This module was developed based on the assumption that
carbides must first nucleate at sutficient density on the grain boundary prior to that boundary
reaching an “equilibnium® chromium minimum, Chromium depletion calculations are not initiated
until this aycleatian time is reached.

21




A nucleation module for isothermal DOS development for SSDOS was first developed by
Bruemmer based on homogeneous nucleation theory. 'Y’ The module was subsequently modified by
Advani to conform to heterogensous nucleation theory.'® This latter nucleation modeling spproach
was used by Li 1o develop the SSDOS| continuous cooling nucleation module.

It is still assumed that the chromium minimum concentration is instantanecusly arrived at
over the complete boundary once imitial nucleation takes place. A more realistic assumption would
be that this minimum concentration is, at least initially, only effective a given distance from the
carbide site, and that this effective distance is a function of time and temperature. In addition,
boundarv-to-boundary vanation would also have to be accounted for.

Calculation of nucleation time is carried out in essentially the same step-wise manner as
sensitization development using the Manning-Loring method.'* 3 A nucleation fraction, based on
total isothermal nucleation time at the active isothermal step, is calculated for each isothermal time
step; step fractions are summed until a nucleation fraction of one is reached. Nucleation is then
assumed to be complete and chromium depletion calculations are initiated.

improved predictions of continuous cooling sensitization was obtained with the madified
model SSDOS-1. Comparisons with experimental data and SSDOS predictions, Figures 16 through
19, indicate that SSDOS-! comes closer to predicting experimental data than SSDOS. Comparison
of both model version predictions to actual measured values is presented in Figure 15, The
SSDOS-I either tends to straddle the 45° line or predict too low DOS values while SSDOS is
consistently above the 459 line.

improved predictions of continuous cooling sensitization was obtained with the modified
model SSDOS-1, however, an unacceptable number of predictions generated DOS values that were
too low, see Figure 15b. This lead to the further modification of the SSDOS-I nucleation module
based on a best-fit-to-data basis and resulted in development of SSDOS I, Comparisons with
expenmental data, Figures 20 through 23, indicate that SSDOS-Il comes much closer 10 predicting
experimental data than SSDOS-1. Overall comparison of all three model version predictions 1o
actual measured values is presented in Figure 15. The SSDOS-II tends to straddie the 459 line
while SSDOS is consistently above the 45° line and the SSDOS-I tends to under predict.

The discussion to date, although it has not been so stated, is only applicable to continuously
cooling thermal cycles exhibiting very rapid heating times, relatively short cooling times, and low to
intermediate maximum temperatures. The restriction to high heating rate comes from the exclusion
of the possibility of nucleation beginning during the heating portion of the thermal cycle. The
restriction to relatively short cocling times comes from the fact that excessive carbide precipitation
depletes the matrix in carbon and, therefore, increases the equilibrium carbide/matrix minimum
chromium concentration and results in desensitization, or "healing”. Note that matrix carbide
depletion is not expected 1o occur in welding due 10 the relatively rapid thermal cycle seen in
practical weldment HAZs

22
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Comparisons Between Measured and Predicted EPR-DOS for Continuous Cooling
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The restriction to low and intermediate temperatures comes from the experimentally
observed fact that sensitization development induced at a constant cooling rate increases up to
@ given critical temperature (range) and then precipitously drops, Figure 24.'® it should be
emphasized that this drop takes place even thougn the material heated above this critical
temperature undergoes exactly the same cooling time/temperature thermal cycle once it
reaches the critical temperature as the material only heated up to the critical temperature.
Previous work, Figure 9, indicates that a distinct change in kinetics occurs upon heating S8
above a given critical temperature. (2"
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Figure 24. Change in Sensitization Induced by Continuous Cooling as a Function of Maximum
Temperature.

This problem was addressed in SSDOS by assuming a change in kinetics once the material
went above a critical temperature {spproximately 1000°C, depending on material carbon
composition); kinetics were changed by a decrease in c*fective chromium diffusivity.'2% This
change in diffusivity was empirically determined based on limited continuous cooling data.
Both the change in kinetics and estimation of the appropriate temperature to initiate the change
in kinetics are approached differently in SSDOS-I and -ll. The temperature needed to be
reached to initiate kinetics change is assumed to be related to the carbon solid solubility
temperature based on reported solubility expressions, as illustrated in Figure 7.120 This
treatment assumes that carbon atoms precipitated at, or segregated to, grain boundaries at
temperatures below the solid solubility temperature reduce nucleation times over "clean” grain
boundaries heated into the solid solubility region.
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4.2 Comparison of Prediction Reality

It can be seen (Figure 15) that, in general, both SSDOS and SSDOS-I predict increasing DOS
valugs with decreasing cooling rate, which agrees with experimental data. However, SSDOS
predicts higher EPR-DOS values and less effect of peak temperature then seen experimentally,
Figures 16 through 18. The SSDOS-I| model predictions appear to exhibit EPR-DOS values, in
general, relatively close to observed values and alsa exhibit EPR-DOS changes as a function of
peak temperature that correspond closely to those seen experimentally, Figures 20 through 23.

The generic SSDOS-H predictions illustrated in Figures 20 through 23 appear to be reasonable
and to account in a reasonably correct way for the effect of plastic deformation. However, if
one assesses the effect of deformation independently from other effects ane finds distinct
prediction trends as a function of degree of plastic deformation. A comparison of SSDOS:Ii
predictions versus measured EPR-DOS for MA Alloy 17 material indicates a good correlation
with little scatter, Figure 26a. Assessment of the effect of 5% strain, Figure 26b, indicates
that SSDOS I over predicts the effect of strain, with a possible increase in over prediction with
increasing sensitization, The 10% strain results, Figure 26c, exhibit a return 10 a reasonable
prediction capability, with a greater scatter band than exhibited by the MA material. The 20%
strain results (Figure 26d) indicate an under prediction, with the possibility of an increasing
under prediction with increasing sensitization.

Assessment of pradictive capabilities of SSDOS and SSDOS-II as a function of peak
temperature and percent prestrain at constant cooling rates are presented in Figures 27 through
28. Figure 27 illustrates that, although SSDOS overpredicts DOS, it does exhibit an increasing
DOS with increasing prestrain, as exhibited by the experimental data, Figure 10. The SSDOS-!I
predictions (Figure 28), in general, exhibit an increasing DOS with increasing prestrain through
10% prestrain and then a decrease in DOS as prestrain is increased from 10 to 20%. Close
inspection indicates that the SSDOS-II predictions for 5% prestrain are essentially double the
expenmentally deermined DOS and approximately equal in magnitude tc the 10% prestrain
SS00S predicted values and the 10% prestrain expenmentally determined results. The
SSDOSI 20% prestrain values are close 1o half of what the experimentally measured values
are. The peak DOS predicted values fall between 5 and 10% prestrain while the experimentally
measured peak DOS values fall between 10 and 20% prestrain.

Assessment of the expermentally determined effects of 10 and 20% prestrain as a function
of peak temperature and cooling rate indicates that DOS increases with increasing prestrain at
fast cooling rates but exhibits roughly equal DOS values for 10 and 20% prestrain at slower
cooling rates. There appears 1o be two possible explanations for this behavior. One is that a
recovery induced decrease in dislocation density durning the longer heat treatment cycles
decreases the effectiveness of prestrain of DOS acceleration. A possible rationale for this
behavicr is that deformation induced dislocation arrays formed due to low levels of prior
deformation are stable at (relatively) high temperatures while arrays formed due to high levels
of prior strain are subject to recover at inter.nediate/high temperatures. This would lead to the
possibility of enhanced Cr diffusion to grain boundaries du2 to dislocation piping effects during
the complete cycle tor low levels of prestrain but decreased enhancement of Cr diftusion at
longer times and higher temparatures for higher prestrains. The second possible reason for this
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Figure 27. SSDOS Predicted EPR-DOS Values for Mill Annealed Alloy 17 Material as a Function
of Peak Temperature, Prestrain and Cooling Rate: a) Cooling rate = 0.05°C/sec; b}
Cooling rate = 0.1°C/sec; c) Cooling rate = 1°C/sec.
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Figure 28. SSDOS-II Predicted EPR-DOS Values for Mill Annealed Alloy 17 Material
as a Function of Peak Temperature, Prestrain and Cooling Rate: a) Cooling rate
= 0.05°C/sec; b) Cooling rate = 0.1°C/sec; ¢} Cooling rate = 1°C/sec.

38

sty 3 - =
R N N S R S R P R R R I R O R R R N R S — R e T S—— R 14— o B mile o b Bl B

P S TR P LY v

e i B e

T R 14 7 WU T gr W a——_—



., e

observed phenomenon postulates that no recovery takes place and that accelerated Cr
depletion results in matrix carbon depletion resulting in an increase in minimum Cr content at
the grain boundaries, thus increasing measured EPR-DOS. Present experimental results are
insufficient to determine which mechanism is responsible for th observed decrease in EPR-DOS

with increasing prestrain.

It is expected that a relatively simple change in the relationship between prestrain and Cr
diffusion acceleration would correct model predictions if the second hypothesis is correct. A
more complex relationship would be needed if the first hypothesis is correct. In any case, the
data presented above indicates that, for SSDOS-H, the effect of low values of strain are over
predicted and high values of strain are under predicted. Thus it appears that the simple linearly
increasing effect of strain on DOS development assumed in the SSDOS and SSDOS-1I models
needs to be modified into a more complex relationship of changing DOS acceleration as a
function of prestrain, time and \emperature if model predictions are to match experimental

results.

The effect of simply assuming the strain induced chromium diffusion function used in
SSDOS-1l was twice as great as required is illustrated in Figure 29. This figure presents
predicted versus measured EPR-DOS for the 10 and 20% prestrain as predicted by "SSDOS-lI".
The fit apnears to be considerably better than that found for SSDOS-1I, Figure 27.

421 Mode! Application to Sensitization Development During the Cooling
Cycle

The previous results indicate that SSDOS-1/SSDOS-1I predict final continuous cooling
sensitization relatively successfully. The next question is do they predict the development of
sensitization for a given thermal cycle as a function of decreasing temperature. A comparison
af tha prediction capability of SSDOS and SSDOS Il as applied to sensitization development in
MA Allay 17 is presented in Figure 30. The results indicate that SSDOS over predicts EPR-DOS
at all cooling cycle temperatures. It does, however, initiate EPR-DOS development at
comparable temperature to measured values. The SSDOS-Il predictions yield comparable EPR-
DO3 values to measured values at lower cycle temperature but initiate EPR-DOS development
at cooling temperatures below experimentally observed results for all peak temperatures.

The early EPR-DOS development in SSDOS is due to the assumption that carbide growth
initiates instantaneously upon reaching the given peak temperature or calculated minimum
carbon solid solubility temperature. The delay in SSDOS-1I sensitization development is due to
the added nucleation module. It appears that the SSDOS Il nucleation madule is too
conservative and that the subsequent initial sensitizaucn dey Jlopment at intermediate
temperatures is 100 accelerated.

The application of model predictions to Alloy 17 prestrained 10% and then cocled from
950°C at 0.05°C/sac is presented in Figure 31. The results are similar to that found in
Figure 30 except that the SSDOS-III predictions vyield closer final EPR-DOS values to
experimentation than SSDOS-II
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Figure 30. Comparison Between Measured and SSDOS and $SDOS-Ii Predicted Sensitization

Development During Linear Cooling for Mill Annealed Alioy 17 as a Function of Peak
Temperature at a Cooling Rate of 0.05°C/sec: a) Peak Temperature = 850°C;
b) Peak Temperature = 950°C; ¢) Peak Temperature = 1050°C.
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Figure 31. Comparisons Between Measured and Predicted EPR-DOS Sensitization development
| During Linear for Continuous Cooling for Alloy 17 prestrained 10% and cooled
| from a Peak Temperature of 950°C at a cooling rate of 0.05°C/sec.

43

e e N e e R A= s I T ST TR Nl I RS 3 T

e Lt

R L R, ¥ R f| gy

T S L —

A" A Bl ™

.

I = < - 3
— R N SN N S N T I i o O T e T e I e S e T e T Mg ey SRSSNNNRE=RRRRNS T RIRRSRN SRR =N NeRSN W RN TS



-







T e S T I T R R R R R T R T T e e, = T BT

runs weld simulation cycles based on maximum temperature and average cc='ng rate. It
appears that maximum sensitization deveiopment occurs in the portion of weld thermal cycle
near the maximum temperature, on both the heating and cooling side, where the rate of change
of temperature is smallest. Outside this region the material generally sees a relatively rapid rate
of temperature change on heating and on cooling where sensitization development is relatively
minimal.

An illustration of HAZ weld induced sensitization developm t during girth welding of a
356mm diameter, Schedule 160, 304 SS pipe is illustrated in Figure 36. The pass-by-pass,
inside wall, thermal histories were experimentally measured while the chromium depletion width
and EPR-DOS values were predicted using SSDOS. These predictions indicate that the majority
of sensitization development, for this position with respect to the weld centerline, was
associated with only two out of 16 passes, pass 6 and 7. The early passes exhibited fast
heating and cooling rates as well as maximum temperatures that promoted carbide dissolution
and high chromium minimums, while the latter passes didn’t reach high enough temperatures to
promete carbide growth,

Pass 6 had a maximum temperature near 1000°C which promoted high grain boundary
chromium minimums and a decrease in chromium depletion in the region near maximum
temperature. Limited ir crease in the size of the depleted zone took place during the relatively
slow cocling cyclr. The majority of the development occurred in the temperature region
exhibiting a slow ate of temperature change in pass 7, 1.e., near maximum temperature during
haating as well as cooling. These observations demonstrate the need for "correct” simulation .
of the complete weld thermal cycle and the unacceptability of weld simulation using only
maximum temperature and (average) cooling rate.

Ancther weld simulation problem that arises is the need for inclusion of deformation effects.
The presence of plastic strain has been shown to accelerate both isothermal and continuous
cooling induced sensitization development.'2 488 Dyunamic strain measu ament techniques
used 1o monitor HAZ deformation indicates that cyclic plastic strain above and beyond that
simply induced by thermal expansion is present in the HAZ. (428!

Csformation measuring devices, Figure 37, were placed on the inside surface of SS girth
welds in order to monitor weld induced devormation. Results for twelve out of 35 passes of
deformation parallel to, and 0.5¢cm from the weld centerline, for a 610mm diameter, 25 4mm
wall, hugh carbon, Type 304 SS the girth weld, Figure 38, indicate a consistent pattern of
deformation takes place during welding.'**% A proposed graphical analysis of the deformation
taking place for a given pass is presented in Figure 39.'%28 Note that the removal of thermally
induced strains, based on the measured thermal history corresponding to the center of the
deforming region, still leaves strain components, called "mechanical” strain, several times the
magnitude of the thermal strain, Figure 39

An analysis of mechanical strain, Figure 39, indicates that initial plastic strain is compressive,
followed by a region of tensile plastic strain and then a second region of compressive plastic
strain. This is then followed by a tail-off region that determines final residual (compressive or
tensile) elastic strain. A detailed discussion of this analysis is given elsewhere.'2®' Addition of
the absolute values of strain for the three major regions results in an effective strain term on a
pass-by-pass basis, as lllustrated in Figure 40.
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Figure 34. Comparison Between Measured and SSDOS and SSDOS-II Predicted EPR-DOS
Values for Solution Annealed Alloy 16 Material as a Function of Peak Temperature
and Cooling Rate: a) Cooling rate = 0.05°C/sec; b) Cooling rate = 0.1°C/sec;
¢) Cooling rate = 1°C/sec.
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carbon contents than either of the two 304 alloys. The high nitrogen 304 slay exhibits
reduced sensitization in comparison to the standard 304 alloy, but greater sensitization than the
standard 316 alloy. The specific Type 304 z.loy composition is that of the pipe material
previously girth welded is: 0.058C, 18.67Cr, 8. 78Ni, 0.18Mo, and 0.058N (wt%}. The post-
weld EPR-DOS value found using the field cell EPR-DOS measurernent technique was 28, which
agrees reasonably well with the precicted EPR-DOS. 4

Weid heat affected zones from all but the low carbon (0.02 wt%) welus would be expected
to exhibit substantial reduction of area when subjected to CRT testing in simulated BWR
coolant water as illustrated in Figure 1. Use of the generally accepted rule of thumb that
material exhibiting between 2 to 5 EPR-DOS is susceptible to iIGSCC in BWR reactor
environments also indicates that only the low carbon alloys would not be susceptible to IGSCC
in the as-welded conditions in BWRs not using supplemental IGSCC mitigation techniques.
More quantitative predictions of IGSCC are possible by combining the EPR-DOS predictions of
the SSDOS model with the model of Ford®® which predicts crack growth rates as a function of

E”*-DOS
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Figure 41, Predicted HAZ Girth Weld Thermal Histories 5mm from Weid Centerline on the
inside Surface of a 610mm Diameter 25.4mm Wall, Type 300, Series SS Pipe as a

Function of Pass,
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