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To: Document Control Desk
U.S. Nuclear Regulatory Commission
Washington, DC 20555-0001

Attention: Chief, Planning, Program and Management Support Branch (IL, 1A, 23R)

Subject: Westinghouse Owners Group
Transmittal of WCAP-15338, “A Review of Cracking Associated
with Weld Deposited Cladding in Operating PWR Plants (MUHP-

6110)

This letter transmits WCAP-15338, “A Review of Cracking Associated with Weld
Deposited Cladding in Operating PWR Plants,” March 2000. This report was developed
as part of the Westinghouse Owners Group (WOG) Life Cycle Management/License
Renewal (LCM/LR) Program. WCAP-15338 (non-proprietary) is being submitted under
the NRC licensing topical report program for review and acceptance for referencing in
licensing actions. The initial use for this report is in response to NRC RAI No.4.3.2-1
associated with the FPL License Renewal Application for Turkey Point Units 3 and 4
(Ref. NRC letter dated February 1, 2001 from Stephen S. Koenick to Thomas F. Plunkett
of FPL entitled, “REQUEST FOR ADDITIONAL INFORMATION FOR THE REVIEW
OF THE TURKEY POINT, UNITS 3 AND 4, LICENSE RENEWAL APPLICATION”).

The issue of reactor vessel underclad cracking has existed since the 1970’s and involves
cracks in the base metal immediately beneath the clad which are created as a result of the
weld-deposited cladding process. Westinghouse performed an evaluation of this issue in
1971, concluding that integrity could be assured for the entire 40 year design life.
Westinghouse submitted this evaluation to the Atomic Energy Commission (AEC) and
the AEC concurred, issuing a letter on September 22, 1972.

Because license extensions are now being requested which will extend the operational
lifetime of reactor vessels to 60 years, WCAP-15338 was prepared to provide an updated
assessment of the issue. The report documents cumulative experience with underclad
cracks and provides a fatigue crack-growth assessment for 60 years, assuming exposure
to reactor water. Projected crack growth is negligible.

The reports concludes that underclad cracks are of no concern relative to structural
integrity of the reactor vessel for a period of 60 years.

Any comments or questions regarding this material, please contact Roger Newton, WOG
LCM/LR Working Group Chairman, Nuclear Management Company at (920) 755-6522
or Charlie Meyer, Westinghouse, at (412) 374-5027.
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oger A. Newton, Chairman Robert H. Bryan, Chairman
LCM/LR Working Group Westinghouse Owners Group

Westinghouse Owners Group
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cc: R.K. Anand, Project Manager, USNRC License Renewal Project Directorate (IL, 1A, 1R)
Westinghouse Owners Group Primary Representatives (IL, 1A)
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NOTICE

This report was prepared by Westinghouse as an account of work sponsored by the
Westinghouse Owners Group (WOG). Neither the WOG, any member of the WOG,
Westinghouse, nor any person acting on behalf of any of them:

(@) Makes any warranty or representation whatsoever, express or implied, (I) with respect
to the use of any information, apparatus, method, process, or similar item disclosed in
this report, including merchantability and fitness for a particular purpose, (II) that such
use does not infringe on or interfere with privately owned rights, including any party’s
intellectual property, or (III) that this report is suitable to any particular user’s
circumstance; or

(b) Assumes responsibility for any damages or other liability whatsoever (including any
consequential damages, even if the WOG or any WOG representative has been advised
of the possibility of such damages) resulting from any selection or use of this report or
any information apparatus, method, process, or similar item disclosed in this report.
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EXECUTIVE SUMMARY

The issue of underclad cracking in reactor vessels has existed since 1970 when it was first
discovered at a European vessel fabricator. The cracks are in base metal immediately beneath
the clad, and are created as a result of the weld deposited cladding process. Westinghouse
completed an evaluation of this issue in 1971, concluding that integrity could be assured for the
entire 40 year design life. Westinghouse submitted it to the Atomic Energy Commission (AEC),
and the AEC concurred, issuing a letter on September 22, 1972. This type of underclad cracking
is commonly referred to as reheat cracking.

In late 1979, underclad cracking in reactor vessels resurfaced in the form of ‘cold cracking’.
Supplemental inspections confirmed that such cracking existed in a select group of vessels.
Fracture evaluations of the detected flaw indications confirmed their acceptability for a 40 year
design life.

Since license extensions are now being sought for 60 years of operation, the underclad cracking
issue has again resurfaced, and so this report contains a further assessment of the issue. The
mechanisms of cracking are well understood, and the effect of the cladding on the structural
integrity of a vessel with underclad cracks has been assessed as very small.

Underclad cracks (reheat and cold cracking) are very shallow, confined in depth to less than
approximately 0.295 inch immediately beneath the cladding and have lengths up to 2.0 inches.
All indications identified to date have been within the acceptance standards of the ASME Boiler
and Pressure Vessel Code, Section XI, Paragraph IWB-3500.

The fatigue crack growth assessment for these small cracks shows very little extension over
60 years, even if they were exposed to the reactor water. Projected crack growth in the inert
environment to which they are actually exposed is negligible.

Therefore it may be concluded that underclad cracks are of no concern relative to structural
integrity of the reactor vessel for a period of 60 years.

March 2000
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1 INTRODUCTION

Underclad cracking was initially detected at the Rotterdam Dockyard Manufacturing (RDM)
Company during magnetic particle inspections of a reactor vessel in January 1971. These
inspections were performed as part of an investigation initiated by RDM as a result of industry
observations reported in December 1970. Subsequent evaluations by Westinghouse [1,2,3]
concluded that these underclad cracks would not have an impact on the integrity of reactor
vessels for a full 40 years of operation. The evaluation was submitted to the Atomic Energy
Commission in 1972, and the AEC review concurred [4]. This type of underclad cracking is
now commonly referred to as ‘reheat cracking’.

In late 1979, a new form of underclad cracking (‘cold’ cracking) was observed. Westinghouse
isolated it to a select group of vessels (only 6 are operating in the U.S.) which were considered
suspect. Supplemental inspections of these vessels confirmed the presence of flaw indications
indicative of ‘cold’ cracking. Such flaw indications were determined to be acceptable to the
standards in the ASME Boiler and Pressure Vessel Code, Section XI, Paragraph IWB-3500. And
further, fracture evaluations of the reported flaw indications concluded that there would be no
impact on the integrity of the reactor vessels for 40 years of operation.

A number of reactor vessels with confirmed flaw indications indicative of underclad cracks
remain in service, and the potential for such cracks cannot be conclusively ruled out in any
vessel with weld-deposited cladding. The cracks are in base metal immediately beneath the
clad, and are created as a result of the weld deposited cladding process. The purpose of this
report is to summarize the present state of knowledge on the issue, and to extend the period of
service evaluated to 60 years.

Introduction March 2000
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y3 MECHANISMS OF CRACKING ASSOCIATED WITH WELD
DEPOSITED CLADDING

Underclad cracking was initially detected in 1970, and has been extensively investigated by
Westinghouse and others over the past 30 years. This cracking has been relatively widespread,
having occurred in France and Japan, as well as the USA.

The cracking has occurred in the low alloy steel base metal heat-affected zone (HAZ) beneath
the austenitic stainless steel weld overlay that is deposited to protect the ferritic material from
corrosion. Two types of underclad cracking have been identified.

Reheat cracking has occurred as a result of postweld heat treatment of single-layer austenitic
stainless steel cladding applied using high-heat-input welding processes on ASME SA-508,
Class 2 forgings. The high-heat-input welding processes effecting reheat cracking, based upon
tests of both laboratory samples and clad nozzle cutouts, include strip clad, six-wire clad and
manual inert gas (MIG) cladding processes. Testing also revealed that reheat cracking did not
occur with one-wire and two-wire submerged arc cladding processes [1,3]. The cracks are often
numerous and are located in the base metal region directly beneath the cladding. They are
confined to a region about 0.125 inch deep and about 0.4 inch wide [5].

Cold cracking has occurred in ASME SA-508, Class 3 forgings after deposition of the second
and third layers of cladding, where no pre-heating nor post-heating was applied during the
cladding procedure. The cold cracking was determined to be attributable to residual stresses
near the yield strength in the weld metal /base metal interface after cladding deposition,
combined with a crack-sensitive microstructure in the HAZ and high levels of diffusible
hydrogen in the austenitic stainless steel or Inconel weld metals. The hydrogen diffused into
the HAZ and caused cold (hydrogen-induced) cracking as the HAZ cooled [14]. Destructive
analyses have demonstrated that these cracks vary in depth from 0.007 inch to 0.295 inch and in
length from 0.078 inch to 2.0 inches. Typical cold crack dimensions were 0.078 inch to

0.157 inch in depth, and 0.196 inch to 0.59 inch in length. As with the reheat cracks, these
cracks initiate at or near the clad /base metal fusion line and penetrate into the base metal [15].

Mechanisms Of Cracking Associated With Weld Deposited Cladding March 2000
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3 PLANT EXPERIENCE WITH DEFECTS IN AND UNDER THE
WELD-DEPOSITED CLADDING

31 PWRPLANTS

The U.S. nuclear industry has had many years of service experience with fabrication related
defects and/or flaw indications in the cladding, through the cladding into the base metal, and
in the base metal just below the cladding. None of these anomalies have caused an integrity
problem in over 2000 reactor years of service experience.

3.1.1 Reactor Vessel Experience: Underclad Cracks

An industry task group was established by the Pressure Vessel Research Council as a result of
the underclad reheat cracking issue, and this group did a survey of the industry in 1973-74 to
identify the number of underclad cracking events which had been observed. A total of

96 survey forms were returned, covering manufactured vessels by 11 different firms on three
continents. Of these, five were European, five were American, and one was Japanese.

Of the 96 surveys returned, 26 cases of underclad cracking were reported. The cracking cases
were confined to forging materials, SA508 Class 2 (25 cases of 47 surveys) and SA 508 Class 3

(1 of 9 surveys). There were no reported cases in SA 533B, SA 302B, SA 302B nickel modified, or
A387D plate materials. The report of the task group [5] contains a statistical study performed to
identify the influence of chemistry, tensile strength, and post weld heat treatment on cracking
sensitivity. This work was used by the fabricators to refine their process to minimize cracking
in the vessels fabricated thereafter.

Westinghouse participated in the PVRC task group, and also performed a large number of
preservice inspections of reactor vessels during the 1970s and 1980s to baseline the condition of
reactor vessels for future inservice inspections. A number of occurrences of underclad reheat
cracking were identified during these examinations. Subsequent inservice inspections of these
same vessels with ASME Section XI/Regulatory Guide 1.150 inspection techniques have
revealed no measurable growth in these flaw indications.

In late 1979, underclad cold cracking was reported by an European NSSS provider. This type of
cracking was observed in SA-508, Class 3 nozzles clad with multiple-layer, strip-electrode,
submerged-arc welding processes where preheating and post-heating were applied to the first
layer but not to subsequent layers [14]. A review of cladding practices used on vessel nozzle
bores in Westinghouse domestic and Japanese plants indicated that a number of vessels were
considered suspect in terms of underclad ‘cold’ cracking [16].

The nozzle bores in all six of the domestic plants considered suspect were examined
ultrasonically in 1980 and 1981 using a special underclad cracking technique to determine the
extent of the underclad “cold’ cracking issue [17 - 21]. This ultrasonic technique was
demonstrated to be 5 times more sensitive than the ASME Section XI mandated

sensitivities [15]. Five of the six vessels contained flaw indications indicative of underclad

Plant Experience With Defects in Cladding March 2000
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‘cold’ cracking; all the reported flaw indications met the acceptance standards of the ASME
Code Section XI [17 - 21]. Four of the reported flaw indications were destructively analyzed
and found to be within the depth/length bounds of 0.295 inch in depth and 2 inches in length
for underclad cold cracking [22].

Subsequently these vessels have since undergone inservice inspections (40-month and/or
10-year) in accordance with the ASME Code Section XI with no reported problems. These
follow-up examinations make comparisons difficult because of the changing ISI methods
through time as well as the different sensitivities applied. One detailed comparison by Rishel
and Bamford [6] was reported for inspections of the Sequoyah Unit 1 reactor vessel nozzle
bores, in 1993. A special preservice examination of the Sequoyah Unit 1 reactor vessel nozzle
bores was done in 1980, by Westinghouse which revealed the extent of any potential underclad
cold cracks, including their location and lengths [20]. During the first 10-year inservice
inspection for the Sequoyah Unit 1 reactor vessel, performed by Southwest Research (SwRI),
flaw indications indicative of underclad cold cracks were detected again using ASME

Section XI/USNRC Regulatory Guide 1.150 inspection procedures. It is noted that a specific
goal of this inservice inspection was to determine if any of the previously recorded flaw
indications had grown during service. The comparison report concluded that there was no
observable increase in the size of the assumed underclad cold cracks during the 13 year
duration (including at least 10 years of service), but the conclusion was somewhat uncertain
because of the different inspection methods employed for the two examinations. A fatigue
crack growth analysis showed that little or no growth would be expected, and all the flaws
were acceptable to the standards of the ASME Code Section XI, so no further evaluation was
required [6].

In the 1983 10-Year Inservice Inspection of the Palisades reactor vessel welds, two small clusters
of reheat cracks situated on either side of an intermediate shell longitudinal seam were detected
using 60-degree longitudinal wave UT techniques. These indications were individually
assigned a conservative flaw size and were determined to be within the allowable limits of
Section XI, IWB-3500.

In the 1995 10-Year Inservice Inspection, similar clusters were detected in the same area using
70-degree longitudinal wave UT techniques. The indication depths (0.3 inch), the echodynamic
signature of the indication responses, and the rate of occurrence were consistent with the
previous interpretation of reheat cracking. There was no evidence that these bands of
indications had expanded in number or size.

Additionally, underclad cracks are being monitored in various French plants every 10 years to
determine whether there is any measurable growth. No problems have been reported to date.

Plant Experience With Defects in Cladding March 2000
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3.1.2 Reactor Vessel Experience: Exposed Base Metal

Various reactor vessels have been operating with exposed base metal surfaces as a result
of the removal of the cladding. Some of these reactor vessels are listed below:

A. Yankee Rowe Reactor Vessel

Two clad areas (approximately 1" x 1" and 2" x 4") in the Yankee Rowe reactor vessel
were removed due to wear caused by a loose surveillance capsule. These areas had been
observed during shutdown. Subsequent measurements of these areas using underwater
replication techniques and after approximately 16 years of service has revealed no
measurable penetration into the base metal. This result is consistent with the analyses
performed for acceptance of these areas [23].

The stainless steel cladding was stitch clad (resistance welded) using 4 ft. x 8 ft. plates.
An analysis considering corrosion of these 4 ft. by 8 ft. areas of the bare base metal was
performed. It was assumed that with the worn clad areas and cracking in the cladding,
the complete cladding/base metal interface would be exposed to the reactor water
environment. This analysis showed that this condition was acceptable.

B. Connecticut Yankee Reactor Vessel

The Connecticut Yankee reactor vessel also had the weld-deposited stainless cladding
on the reactor vessel worn through because of a surveillance capsule which had come
loose. No detrimental effects were observed in over 25 years of service, although the
plant is now closed, for other reasons. The reason for this excellent performance has
been the primary system chemistry controls.

C. Watts Bar Unit 1 Reactor Vessel Inlet Nozzles

As a result of ultrasonic examination of the Watts Bar Unit 1 nozzles for the assessment
of underclad cold cracks, three areas in two inlet nozzles were destructively examined
by grinding to determine the depth of four indications [22]. The three clad-removed
areas remain in the nozzle. The total size of the three areas is approximately 3 square
inches. The plant has operated for at least 7 years with no problems, again because of
the tight primary system chemistry control.

D. McGuire Unit 2 Bottom Head Dutchman

The McGuire Unit 2 reactor vessel has an area in the bottom head transition piece
between the lower head and vessel shell where stainless steel cladding has been
removed. The low alloy steel base metal is exposed to reactor water. The area is 4 to

5 inches long circumferentially, % to 1 inches wide vertically and 0.25 inch deep. Itis
located in the lower head transition cone at 270° approximately 1% inch above the
bottom head to transition cone weld. The plant has continued operation with no repair
of the exposed area for over ten years with no reported problems.

Plant Experience With Defects in Cladding March 2000
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3.1.3 Other Primary System Components Experience

Cracks in the cladding and exposed carbon steel base metal due to cladding removal has also
been present in operating steam generators and pressurizers.

Crack-like indications have been found in the cladding of a number of pressurizers and steam
generators. Most of these indications have been found in the narrow zone between adjacent
strips of cladding. In a number of cases Westinghouse has been involved in the inspection and
disposition of these indications and in every case the U.S. NRC has not required a weld repair.

There are at least seven plants where these indications have been found in the steam generator
channel head region including:

Indian Point 3 (replaced in 1989)

Salem 1 and 2

Turkey Point 3 and 4

Beznau 1 and 2 (Switzerland) [replaced in 1996]

In each of these plants a surveillance program was established to monitor the growth of these
indications. Two follow-up inspections were conducted after the initial findings. In most cases,
the monitoring inspections were conducted every 40 months, in conjunction with regular
inservice inspections. In the five U.S. plants above, these surveillances detected no significant
changes in the indications. This lead the NRC to allow for the programs to be terminated. For
the Beznau plants, the surveillances continued until the steam generators were replaced in the
early 1990s, with no problems.

In 1990, a number of indications were discovered in the pressurizer cladding at the Connecticut
Yankee Plant, as a result of a camera inspection of the bottom head and surge nozzle region.
Ultrasonic inspection confirmed that the indications did not penetrate into the ferritic base
metal, and so they were acceptable without repair, according to the rules of the ASME Code
Section XI. As before, a surveillance program was begun, and after two follow-up inspections
were completed showing no change, the NRC allowed the surveillance program to stop [24].

While these results are reassuring, it should be pointed out that in several of the cases cited
above the regulators required fracture mechanics analyses to be completed to identify how big a
flaw would be acceptable in the region where the indications were found. These analyses have
demonstrated that the cladding indications which have been identified will not compromise the
integrity of the pressurizers or steam generators.

The Connecticut Yankee pressurizer also contains some small areas of the base metal exposed as
a result of grinding. This repair was performed in 1965 and was intended to remove underclad
cracks. This pressurizer has been operated for over 30 years with no detrimental effects.
Westinghouse performed an engineering evaluation of this condition, considering the effects of
both operating and shutdown plant environments, the effect of flow rates, and the effects of
galvanic corrosion. The results showed the predicted maximum corrosion penetration for the
remaining life of the plant would be 0.173 inch [24]. The actual wall loss was not measured.

Plant Experience With Defects in Cladding March 2000
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3.2 BWRPLANTS

Further evidence of acceptable plant operation with cladding removed and base metal exposed
can be found in BWR plants.

A decision was made in 1980 to grind off the weld-deposited cladding around the entire
circumference of the feedwater nozzles in most U.S. BWR plants. Since that time, both surface
and ultrasonic examinations have been required each fuel cycle, and no cracking or corrosion
effects have been observed.

Plant Experience With Defects in Cladding March 2000
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4 EFFECTS OF CLADDING ON FRACTURE ANALYSIS

41 INTRODUCTION

Fracture analyses of reactor pressure vessels subjected to thermal shock have employed various
assumptions regarding the behavior of the cladding and its influence on the fracture resistance
of the vessel. The effect of cladding is also important because of its relevance to underclad
cracks. For the most part, it was assumed that the welded clad layer, being lower in strength
and higher in ductility than the low alloy pressure vessel steel, would produce no observable
effect on the strength or apparent fracture toughness of the pressure vessel. In a positive sense,
the clad layer was presumed to have sufficient strength to reduce the stress intensity factor, or
crack driving force.

To gain a better understanding of the effect of cladding on the structural behavior in operating
reactor vessels, an investigation was conducted using bend bar specimens that were machined
from a 308 L stainless steel clad A533 Grade B, Class 1 nozzle cutout free from underclad cracks.
The specimens were removed from the nozzle drop-out as shown in Figure 4-1. Three point
bending tests were performed over the temperature range -30 to 200°F to evaluate the effect of
cladding at both transition range and upper shelf operating temperatures.

To aid in the fracture analysis of stainless steel clad pressure vessel steel, and to help in the
interpretation of the bend bar tests, residual stress measurements were made to measure the
residual stress profile in and near the fusion zone of stainless steel clad pressure vessel steel. As
part of this program, the change in the residual stress profile with temperature in and near the
fusion zone was desired. For these measurements a 6.0 in. x 6.0 in. x 11.0 in.

(15.2 x 15.2 x 28 cm) (full thickness) test piece machined from a nozzle cutout was used. The
nozzle cutout had been subjected to the conventional thermal anneal or post-weld heat
treatment given to pressure vessels.

Measurements were made at temperatures of 70, 200 and 400°F. Even though measurements
were previously made at 70°F on another heat they were made again in this study because the
stress profile could easily be different for the new test piece. The measurements at 70°F were
made using the same parting-out and layer-removal procedures as in the previous work.
However, because no literature could be found describing techniques for making measurements
above room temperature, modifications to the room temperature procedures had to be devised.

This section describes both the fracture tests and the residual stress measurements that were
conducted.

4.2 CLADDING EFFECTS ON FRACTURE BEHAVIOR

There has long been a controversy about the effects of weld deposited cladding on the fracture
behavior of reactor pressure vessels. To quantify these effects, a series of bend bar fracture tests
was carried out on specimens removed from a commercially clad reactor vessel nozzle drop
out. This is a cutout from the reactor vessel shell where the nozzle forging is welded in. The

Effects of Cladding on Fracture Analysis March 2000
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cladding was Type 308L stainless steel and the reactor vessel steel was A533B Grade B Class 1.
The specimen orientations are shown schematically in Figure 4-1.

The bend specimens were 2 inches (5.08 cm) wide, 2.5 inches (6.35 cm) thick, and 9.0 inches
(22.9 cm) long. The specimen size was rather large, because this would enable a realistic effect
of the cladding (and clad residual stresses) to be seen. The specimens were loaded in three
point bending, and each specimen had a penny-shaped crack 0.8 inch (2 cm) long by 0.4 inch

(1 cm) deep, as shown in Figure 4-2. With this type of flaw, the residual stresses in the region of
the flaw were maintained, so their effect could be measured.

The non-uniformity in cross section along the bend bar length prevented a rigorous fracture
mechanics analysis, but the specimens were all geometrically identical. This allowed
comparisons to be made based on the final mouth opening displacement of each specimen,
which is proportional to the crack driving force, the critical value of which is the fracture
toughness. The effect of the cladding on fracture behavior was determined by testing two sets
of specimens, one with the crack through the cladding as shown in Figure 4-2, and a second set
with the same cross section and same flaw dimensions, but with the cladding removed by
machining. The tests were conducted over the temperature range of -30 to 200 °F.

Load-deflection records for both the unclad and clad bend bar specimens were smooth up to
the point of unstable fracture, regardless of temperature. The final mouth opening can be
viewed as a measure of the fracture resistance of each specimen, and these results are presented
in Figure 4-3 as a function of test temperature for both the clad and unclad (base metal)
specimens.

The effect of the cladding is seen here as a small but distinct shift in the apparent fracture
resistance in the lower range of temperatures. In the temperature range of -30 to 75°F

(-34 to 24°C) the apparent shift is approximately 20°F (11°C), but at higher temperatures this
effect completely vanishes.

This means that the effect of the cladding on fracture behavior vanishes at temperatures above
the transition temperature of the base metal. This conclusion is further proven by the two bend
bar results at 200°F (93°C), where the clad specimen failed to experience unstable fracture at a
mouth displacement greater than that sustained by a failed unclad specimen (Figure 4-3).

These effects were also seen in a similar series of tests completed by McCabe [7]. He also
observed that the clad had no impact on fracture except in the lower portion of the transition
region, which for his material was between -58 and -148°F (-50 and -100°C). McCabe concluded
that the fracture behavior of the specimens in the transition region was well-predicted by the
toughness behavior of the heat-affected zone of the base metal.

McCabe repeated his tests on irradiated bend bar specimens with similar flaws which
penetrated the cladding into the base metal for a total depth of 0.4 inches (1.0 cm) [8]. Again
the fracture behavior in the transition region was dominated by the heat affected zone behavior,
and the effect of the cladding was seen only in the transition temperature range.
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The effect of temperature on the fracture behavior of clad specimens, and clad components can
be further understood by studying cladding residual stresses.

43 EXPERIMENTAL MEASUREMENTS OF RESIDUAL STRESSES
4.3.1 Introduction to Hole Drilling Stress Measurement

Hole-drilling residual stress measurements at room temperature are made by drilling a small
hole in the surface of the test piece and measuring the relieved strains immediately adjacent to
the hole [9, 10, 11]. For the present tests, strain measurements were made using rosettes
consisting of three 0.062 inch gage length strain gages arranged as shown in Figure 4-4. The
hole was drilled at the intersection of the centerlines of the three gages making up the rosette.
To make a stress-free machined hole, abrasive jet machining was used {9]. The nominal hole
diameter used was 0.080 inch and the nominal depth was one hole diameter. The residual
stress measured is a function of the integrated average of the strains relieved over the depth
equal to one hole diameter.

Since no technique is described in the literature for hole-drilling residual stress measurements
at elevated temperatures, a technique was developed similar to the one used to obtain
calibration constants for the hole-drilling method at room temperature [11]. This technique was
chosen as it does not require making holes at elevated temperatures. First, to aid in
understanding the technique, a description of the room temperature technique will be given as
it applies to obtaining calibration constants.

After installing the hole-drilling rosette on a calibration beam, the strain indicator is adjusted to
show zero strain. The beam is then incrementally loaded to some predetermined load and then
unloaded. Strain measurements are made at each load increment. After unloading the bar the
hole is made, and the strain indicator is again rezeroed. The bar is then reloaded incrementally
and unloaded with strain measurements made at each load increment. Because the strain gages
were zeroed before and after making the holes, the difference in the strain before and after
making the hole at any increment represents the relieved strain, from which the stress due to
loading can be calculated.

For the elevated temperature tests the same procedure was used except strain changes were
obtained when the specimen was heated rather than loaded. The actual procedure involves
(a) taking strain readings at test temperatures before making the hole, (b) making the hole,
(c) rezeroing the strain indicator and (d) then again taking readings at test temperatures. The
stress obtained due to heating can then be calculated from the strain differences.

First, to obtain comparison residual stress measurements in the base metal material, hole-
drilling residual stress measurements were made on the cross section of the supplied piece,
nominally 0.4 and 1.2 in. beneath the cladding surface. The 0.4 inch (1 cm) depth was chosen to
match the depth of the surface flaws in the bend specimens. The measurements in the base
metal at 0.4 in. were also used as the base line for the parting-out and layer-removal
measurements as will be explained next.
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4.3.2 Parting-Out and Layer-Removal Measurements at 70°F

Parting-out* residual stress measurements are made by isolating a section or coupon, as shown
in Figure 4-5, from the main body of the component being tested, and measuring the strains
relieved in the parted-out piece as a result of this operation. To measure the strains relieved, a
two or three-gage rosette is bonded to the piece to be parted-out prior to isolation. If the
directions of the principal stresses are known, a two gage rosette can be used to determine the
parting-out stresses. In these tests, the direction of the principal stresses are in the directions of
gages 1 and 3, as shown in Figure 4-6. For example, in one direction, we have:

Opo =—E(g;+pe3)

where E = Youngsmodulus
€,€ = themeasured strains at gauge locations 1 and 3
p = Poissons ratio (used 0.25, 0.26, and 0.27 for temperatures of 70, 200
and 400°F, respectively)

If the residual stresses in the parted-out piece are completely relieved, or if only bulk stress
measurements are desired, this method is complete in itself. However, if residual stresses are
still thought to be present in the parted-out piece, as in the present tests, then further
measurements using the layer-removal method must be made on the piece. The stresses from
both methods must then be combined to get the total stress in the component.

For the parting-out and layer-removal measurements, biaxial strain gages, having a 0.125 inch
(0.32 cm) gage length, were mounted at nine locations on the clad surface. The biaxial gage
elements were oriented in the directions parallel and transverse to the clad welding direction,
because in previous stress measurements on annealed clad steel blocks the principal stresses
had been found to be in these directions. However, as the clad surface was curved and too
rough for mounting the gages, this surface was ground flat. Because of the grinding, an
estimated 0.05 to 0.08 inch (0.127 to 0.203 cm) of material was removed from the clad surface of
the specimen. The gages were mounted at the nine locations on 1.30 inches (3.3 cm) centerlines.
Six pieces, 1.05 x 1.05 x 0.45 inches (2.67 x 2.67 x 1.14 cm) thick, containing the biaxial gage were
then parted-out by careful sawing so as to minimize machining stresses. The sawed surfaces
were ground to obtain finished specimens 1.00 x 1.00 x 0.40 inches (2.54 x 2.54 x 1.02 cm) thick.

The residual stresses are determined using the layer-removal method by measuring
deformational changes in a specimen as a result of removing stressed material. Usually the
method is applied to a plate or beam specimen parted out from a structure, as shown in
Figure 4-6. A strain gage is installed on the surface opposite the one of interest. Layers of

*Parting-out is the terminology used for this method in 2 monograph on residual stress measurements by
SAE, and will be used in this report.
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material are then removed from the surface of interest, and the resulting deformational strain
changes measured with the strain gage.

In using this method, the assumption is made that the stress is uniform over the entire plane of
the specimen parallel to the surface, and varies linearly through the layer removed. Therefore,
for accuracy, whenever a high stress gradient is present in the thickness, or z direction, thin
layers of material should be removed for each set of strain measurement. For the present tests,
layers as thin as 0.010 inch were removed.

If the parting-out method was used to obtain the specimen used for the layer-removal
measurements, then, as mentioned, the stresses from both operations must be combined to get
the residual stresses that originally existed in the component. These stresses will be called
actual residual stresses.

After making the necessary parting-out strain measurements, the pieces were prepared for the
layer-removal measurements. Because of the large amount of material to be removed, 0.32 inch,
“Jow stress” grinding was used. Low stress grinding procedures employ a soft wheel and a
coolant. The wheel speeds were approximately 2000 ft./min. with small downfeeds having
final passes of 0.0002 in./pass. In previous work comparable results were obtained using
chemical polishing or low stress grinding. In the area of interest at and near the fusion line,
strain measurements were made as mentioned every 0.010 inch; otherwise measurements were
made every 0.020 inch.

4.3.3 Parting-Out And Layer-Removal at 200 and 400°F

To obtain the change in surface residual stress due to heating, the specimen and/or structure
(Ac) strains are measured at the desired test temperature before the parting-out operation. The
parting-out residual stress at an elevated temperature in a given direction is then related to the
change in surface residual stress by:

Gcho +A0t —GAPP

The change in stress Ac, does not include stress changes resulting from apparent strain. The
effect of temperature on the gages themselves is called apparent strain, and the stresses
calculated from these strains will be called apparent stress. Apparent strain is measured strain
output as a result of temperature effects on a strain gage when the gage is mounted on a stress-
free specimen of the same material as the test piece. The apparent stress (G,,) is subtracted
from AG, to obtain the actual residual stress change in the specimen surface due to heating.

To obtain the parting-out stress change (Ac,) with temperature for the elevated temperature
tests, the three gages on the test block were heated to 200 and 400°F at which time strain
measurements were made. From these measurements Ac, was calculated. Apparent stress
determinations were made from measurements on specimens after completion of the layer-
removal tests, at which time only the clad material remained. Specimens were heated to 200
and 400°F and the apparent strain at these temperatures measured.
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. Layer-removal residual stresses at elevated temperatures were measured by making strain

readings at the desired elevated test temperature. The test procedure consisted of (1) heating
the specimen to the desired test temperature and making strain readings, (2) cooling the
specimen to approximately room temperature, and removing incremental layers of material,
and (3) heating specimen back to the test temperature and making strain readings. The strain
measurements were then used to obtain the layer-removal stresses at temperature. Before
starting the layer-removal work, the gaged specimens were heat cycled several times to at least
the maximum test temperature and strain measurements made to determine (1) reproducibility
of the strain data and (2) whether or not plastic deformation occurred in the specimen.

The layer-removal elevated temperature measurements were made in the same manner as were
the room temperature ones except that the specimens were heated to their respective test
temperature, 200 or 400 £ 1°F. The specimens were heated in an oil bath to the proper
temperature and held at temperature until thermal equilibrium was reached, and then strain
measurements made. The low stress grinding was done after the specimens cooled to handling
temperature. Before elevated temperature layer-removal testing was started, a parted-out

1.0 x 1.0 x 0.40 inch specimen was directly immersed in 400°F oil and strain measurements
made to determine what, if any, effect the thermal shock might have on the specimen. The
effect was found to be negligible. For three thermal cycles the overall strain changes were 16 pe
for gage 1 and 8 ue for gage 2.

44  CLAD RESIDUAL STRESS RESULTS AND DISCUSSION

The total residual stress (the actual stress in the original clad block before any testing) is the
combined results of the layer-removal and parting-out stresses. The layer-removal stresses
were found using the strain measurements at the various temperatures.

Individual plots of the residual stresses (actual stress) versus depth z through the base metal
and cladding at 70, 200 and 400°F (21, 93 and 204°C) are not shown. Instead, average curves of
the residual stress parallel to the weld and transverse to the weld at each temperature are given
in Figures 4-7 and 4-8, respectively. The average curve is the average of the curves obtained for
the two specimens tested at each temperature. The differences are small.

The curves of the residual stresses at 70°F (24°C) shown in Figures 4-7 and 4-8 are similar in
shape to that obtained previously at 70°F (24°C) for another nozzle drop-out except that the
peak compressive and tensile residual stresses are 15.0 ksi, compared to 20 ksi as shown in the
figures. These lower stresses may have been caused by the use of different welding procedures.
Underclad defects were noted in the cladding characterized in the earlier test series during
layer-removal at the depth shown in Figures 4-7 and 4-8. These defects, which covered as much
as 5% of the 1.00 x 1.00 inch cross section of some specimens, may have reduced the stresses
measured during the layer-removal phase of the testing. The parting-out stress for all
specimens averaged 12.7 ksi higher for the present tests than the previous ones, also indicating
a difference in welding procedures.
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The clad residual stress measurements provide an explanation for the fracture behavior
observed in the bend bar tests. There is a clearly observable effect of the cladding in the
transition region of fracture behavior as shown in Figure 4-3. In this region, the cladding
residual stresses have a small but measurable impact on the critical crack mouth opening
values, which are a measure of the fracture resistance of the component.

The clad residual stresses result from the difference in thermal expansion coefficient between
the stainless steel cladding and the low alloy steel. When the cladding was originally applied,
the condition was stress-free. As the weld cooled, the residual stresses developed. The lower
the temperature, the higher the clad residual stresses, and in the lower transition region of
toughness, these residual stresses can effect failure.

Conversely, as the temperature is raised, two effects occur. The first is that residual stresses
decrease, and the second is that the failure mode for the low alloy steel transitions from brittle
fracture to ductile fracture. The first effect lowers the stresses, and the second effect decreases
and eventually eliminates the effects of residual stresses on the failure.

The clad residual stress measurements show that the stress-free temperature for the cladding is
slightly above 400°F (204°C), and this finding is consistent with the results of Ganta et al [12],
who calculated the stress free temperature analytically.

The key question which emerges is the effect of the cladding on structural integrity of operating
components. It is clear from the tests discussed here that the effects of cladding will be more
important at lower temperatures, where the stresses are higher. At temperatures over

180 °F (82 °C) the cladding has virtually no impact on fracture behavior, and this is the very
lower end of the temperature range of plant operation. The effects of the cladding must be
considered in any structural integrity evaluation, especially for flaws which penetrate the
cladding into the base metal, and this requirement exists in the flaw evaluation rules of the
ASME Code, Section XI. The actual impact of the cladding on such evaluations is negligible,
even for irradiated materials, as also concluded by McCabe [13].
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5 VESSEL INTEGRITY ASSESSMENT

51 POTENTIAL FOR INSERVICE EXPOSURE OF THE VESSEL BASE METAL
TO REACTOR COOLANT WATER '

The occurrence of wastage or wall thinning of the carbon steel vessel base metal requires the
breaching of the complete thickness of the cladding so that the base metal is exposed to the
reactor coolant system (RCS) environment. Thus the total process consists of two sequential
steps:

1. Cracking and separation of a portion of the clad weld metal resulting in the exposure of
the base metal to the primary water, and

2. Corrosive attack and wastage of the carbon steel base metal due to its exposure to the
primary water.

Delamination and separation of the complete clad thickness can occur either by mechanical
distress or by micro-cracking induced by metallurgical degradation mechanisms. Examples of
mechanical distress are denting and overload (overloads can result in metal plasticity and
cracking) cracking caused by mechanical impact loads such as those due to a loose part.
Metallurgical mechanisms include intergranular stress corrosion cracking(IGSCC) and
transgranular stress corrosion cracking (TGSCC) mechanisms.

IGSCC of the clad metal can occur if the weld is sensitized (chromium depleted grain
boundaries) and is exposed to oxygenated water. TGSCC can occur in the cladding only in the
presence of a chloride environment. The typical PWR service and shut down RCS chemistry
contains oxygen and chloride levels that are significantly below the threshold levels required to
initiate either IGSCC or TGSCC.

Thus there is no operative mechanism that can contribute to additional breaching of the clad
thickness and result in any exposure of the vessel base metal. Even if the base metal were
exposed, the degree of corrosive attack and wastage due to operation is insignificant as
evidenced by operational histories and analyses based on corrosion tests.

5.2 FATIGUE USAGE

Review of the reactor vessel shell fatigue analysis in representative Westinghouse reactor
vessels reveals that the maximum cumulative fatigue usage factor is 0.04 or less. This shows
that the likelihood of fatigue cracks initiating during service is very low.

53 ASME SECTION XI - IWB 3500
The underclad cracks which have been identified over the years are very shallow, with a

maximum depth of 0.295 inch (7.5 mm). The flaw indications indicative of underclad cracks
that have been found during pre-service and inservice inspections are all within the flaw

Vessel Integrity Assessment March 2000
0:\5041.doc:1b-031000



5-2

acceptance standards of the ASME Code Section XI, Paragraph IWB 3500. Therefore they are all
acceptable without the need for fracture mechanics evaluation.

54  FATIGUE CRACK GROWTH

A series of fatigue crack growth calculations were carried out to provide a prediction of future
growth of underclad cracks for service periods up through 60 years.

To complete the fatigue crack growth analysis, the methodology of Section XI of the ASME
Code was used, with the entire set of design transients applied over a 40 year period. The
analysis assumes a flaw of a specified size and shape, and considers each design transient in
turn, calculating the crack growth, adding the crack growth increment to the original flaw size,
and then repeating the process until all transient cycles have been accounted for.

The crack growth was calculated using the ASME Section XI reference crack growth law for air
environments, a law which has been contained in the ASME Code in its present form

since 1979. This crack growth law is shown in Figure 5-1. The air environment curve was used
because the cracks are all under the cladding, and not exposed to the PWR environment.

A series of flaw types were postulated to include the various possible shapes for the underclad
cracks. Specifically, the postulated flaw depths ranged from 0.05 inch (1.3mum) to 0.30 inch
(7.6mm), which is beyond the 0.295 inch (7.5mm) maximum depth of an underclad cold crack.
The shape of the flaws analyzed (flaw depth/flaw length) ranged from 0.01 through 0.5. The
results are shown in Tables 5-1 through 5-3, where it can be easily seen that the fatigue crack
growth is extremely small, even over 60 years, regardless of the size, shape or orientation of the
postulated flaws.

Therefore it may be concluded that the crack growth is insignificant for any type of flaw which
might exist at the clad /base metal interface and into the base metal for both nozzle bore and
vessel shell regions.

5.5  INSERVICE INSPECTIONS

Regular inservice inspections of the vessel will continue to provide a monitor for assessing the
integrity of the vessel. The capability to detect and size near-surface indications such as these
was significantly improved with the advent of Regulatory Guide 1.150, in the early 1980s. This
same technology was used to meet the requirements of the Performance Demonstration
Initiative for Section XI Appendix VIII Supplement 4. With the advent of a new set of USNRC
regulations (10CFR50.55(a) effective November 22, 1999) which has adopted and modified the
provisions of the ASME Code Section XI, Appendix VIII, inservice inspection methodologies of
the vessel will continue to provide the capability for detection of flawed conditions and better
characterization of any detected flaw indications.
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Table 5-1: Crack Growth Results for Beltline, Axial Flaw

Initial Flaw Depth after Depth after Depth after Depth after
Depth 15 years 30 years 45 years 60 years
14
Flaw shape —=2

a
0.050 0.0500 0.0500 0.0500 0.0500
0.125 0.1250 0.1251 0.1251 0.1252
0.200 0.2001 0.2002 0.2003 0.2003
0.250 0.2501 0.2502 0.2503 0.2504
0.300 0.3001 0.3003 0.3004 0.3006

4

Flaw shape — =6

a
0.050 0.0500 0.0501 0.0501 0.0502
0.125 0.1252 0.1253 0.1255 0.1256
0.200 0.2003 0.2006 0.2009 0.2012
0.250 0.2504 0.2508 0.2513 0.2517
0.300 0.3005 0.3011 0.3016 0.3021

4
Flaw shape — =100
a
0.050 0.0501 0.0501 0.0502 0.0503
0.125 0.1253 0.1255 0.1257 0.1260
0.200 0.2005 0.2010 0.2014 0.2019
0.250 0.2507 0.2513 0.2519 0.2526
0.300 0.3009 0.3017 0.3025 0.3033
MM (inches)
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Table 5-2: Crack Growth Results for Beltline, Circumferential Flaw

Initial Flaw Depth after Depth after Depth after Depth after
Depth 15 years 30 years 45 years 60 years
£
Flaw shape —~=2

a
0.050 0.0500 0.0500 0.0501 0.0501
0.125 0.1251 0.1252 0.1253 0.1254
0.200 0.2002 0.2004 0.2006 0.2007
0.250 0.2503 0.2505 0.2508 0.2510
0.300 0.3003 0.3007 0.3010 0.3013

4

Flaw shape — =6

a
0.050 0.0501 0.0502 0.0503 0.0504
0.125 0.1254 0.1257 0.1260 0.1264
0.200 0.2007 0.2014 0.2021 0.2028
0.250 0.2510 0.2519 0.2528 0.2538
0.300 0.3012 0.3024 0.3036 0.3049

4
Flaw shape —=100
a
0.050 0.0501 0.0503 0.0504 0.0505
0.125 0.1256 0.1261 0.1266 0.1272
0.200 0.2011 0.2022 0.2033 0.2044
0.250 0.2515 0.2531 0.2546 0.2561
0.300 0.3020 0.3040 0.3060 0.3080
MM (inches)
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Table 5-3: Crack Growth Results for Inlet Nozzle to Shell Weld, Axial Flaw

Initial Flaw Depth after Depth after Depth after Depth after
Depth 15 years 30 years 45 years 60 years
14
Flaw shape —=2

a
0.050 0.0500 0.0500 0.0500 0.0501
0.125 0.1251 0.1251 0.1252 0.1252
0.200 0.2001 0.2002 0.2003 0.2004
0.250 0.2501 0.2503 0.2504 0.2505
0.300 0.3002 0.3004 0.3005 0.3007

4

Flaw shape —=6

a
0.050 0.0501 0.0501 0.0501 0.0502
0.125 0.1252 0.1254 0.1256 0.1258
0.200 0.2004 0.2008 0.2011 0.2015
0.250 0.2505 0.2510 0.2515 0.2520
0.300 0.3007 0.3013 0.3020 0.3026

4
Flaw shape — =100
a
0.050 0.0501 0.0502 0.0502 0.0503
0.125 0.1253 0.1256 0.125% 0.1262
0.200 0.2006 0.2012 0.2018 0.2024
0.250 0.2508 0.2516 0.2524 0.2532
0.300 0.3011 0.3021 0.3031 0.3042
MM (inches)
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Effects of Cladding on Fracture Analysis March 2000

0:1\5041.doc:1b-031000



6-1

6 SUMMARY AND CONCLUSIONS

In summary, a series of assessments have been completed and reported here to clearly show
that there are many levels of defense in depth relative to the underclad cracks now known to
exist.

There is no known mechanism for the creation of additional flaws in this region, so the only
concern is the potential propagation of the existing flaws.

In 1971, Westinghouse submitted an assessment of the underclad reheat cracking issue [2] to the
regulatory authorities, then the Atomic Energy Commission evaluating underclad cracks for an
operating period of 40 years. The Commission reviewed the assessment, and issued the
following conclusion:

SUMMARY OF REGULATORY POSITION:

We concur with Westinghouse’s finding that the integrity of a vessel having flaws such
as described in the subject report would not be compromised during the life of the plant.
This report is acceptable and may be referenced in future applications where similar
underclad grain boundary separations have been detected. However, such flaws should
be avoided, and we recommend that future applicants state in their PSARs what steps
they plan to take in this regard.”

Flaw indications indicative of underclad cracks have been evaluated in accordance with the
acceptance criteria of the ASME Code Section XI. Such indications have been found during pre-
service and inservice inspections of plants considered to have cladding conditions which are
suspect with respect to underclad cracking. These flaw indications have been dispositioned as
being acceptable for further service without repair or detailed evaluation, because they meet the
conservative requirements of the ASME Code Section XI, Paragraph IWB 3500.

Fracture evaluations have also been performed to evaluate underclad cracks, and the results
have always been that the flaws are acceptable. Concerns about residual stresses affecting these
cracks have proven unfounded, because the cladding residual stress decreases as the
temperature increases, reaching zero at about 400°F, as discussed in Section 4.

A number of field examples were summarized which have involved cladding cracks, as well as
exposure of the base metal due to cladding removal. In several cases the cladding cracks have
been suspected to extend into the base metal, and have been analyzed as such. In these cases
the cracks were suspected to be exposed to the water environment, and successive monitoring
inspections were conducted on the area of concern. No changes were found due to propagation
or further deterioration of any type. The USNRC then allowed the surveillance to be
discontinued.

Finally, to further document the conclusion that there is no structural integrity concern a
fracture mechanics analysis of a series of postulated flaws was completed. The results show
that little or no growth is expected, even for a period of 60 years. Therefore it may be concluded
that underclad cracks in a reactor vessel are of no concern relative to the structural integrity of
the vessel for continued plant operation, even through 60 years of operation.
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