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Abstract

The U.S. Nuclear Regulatory Commission (NRC) has observed a number of welding issues associated with design,
fabrication, and loading of spent fuel storage casks. These emerging welding-related issues involving a certain dry cask
storage system have challenged the safety basis for which NRC approved the casks for storage of spent nuclear fuel. During
closure welding, problems have been encountered with cracking. Although the cracks have been attributed to several causes
including material suitability, joint restraint and residual stresses, NRC believes hydrogen-induced cracking is the most likely
explanation. In light of these cracking events and the potential for flaws in any welding process, NRC sought verification of
the corrective actions and the integrity of the lid closure welds before allowing additional casks to be loaded. As a result, the
affected utility companies modified the closure welding procedures and developed an acceptable ultrasonic inspection (UT)
method. In addition, the casks already loaded at three power reactor sites will require additional non-destructive
examinations (NDE) to determine their suitability for continued use. NRC plans to evaluate the generic implications of this
issue for current designs and for those in the licensing process.

1. BACKGROUND

Because most United States (U.S.) nuclear power plant spent fuel pools were not originally
designed for all the spent fuel generated over the licensed period, many plants have reached or are
approaching their storage capacity. Consequently, U.S. nuclear power plants have turned to alternative
means and are storing spent reactor fuel in dry casks at 11 sites (see Fig. 1). Currently, 21 new locations
are planned or under construction (Fig. 2).
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FIG. 1. Operating spent fuel storage sites

237



BATTIGE et al.

RANCHO SECO -TMI-2 FUEL ® INEEL

INFORMATION AS OF OCTOBER I , I 998

(BASED ON NRC S. LICENSEE ASSESSMENTS) )

FIG. 2. Potential near-term spent fuel storage sites

During their licensed lifetimes, approximately 90 percent of the 105 operating U.S. nuclear
plants will need storage for spent fuel beyond the current capacities in their spent fuel pools. The
increased demand for dry cask storage has led to new designs, vendors, and fabricators. Three power
plants [Palisades, Point Beach, and Arkansas Nuclear One (ANO)] use the ventilated storage cask
system (VSC-24) design [1] to store their spent fuel in an independent spent fuel storage installation
licensed under 10 CFR Part 72 [2].

The VSC-24 consists of a ventilated concrete cask (VCC) that stores 24 pressurized water reactor
(PWR) spent fuel assemblies (SFAs) vertically in a steel multi-assembly sealed basket (MSB) (Fig. 3).
An MSB transfer cask (MTC) is used to transfer the filled MSB from the reactor spent fuel pool to the
VCC. The VCC is a 3.4 m (11.2 ft) diameter hollow right cylinder with steel lined, 74 cm (29 in) thick
reinforced-concrete walls. The VCC varies from 5.0 to 5.4 m (16.4 to 17.7 ft) high and has four air inlet
penetrations near the bottom and four air outlets near the top. A 1.9 cm (0.75 in) steel plate is bolted on
top. The MSB consists of a 2.5 cm (1 in) thick SA-516, Grade 70 steel 1.6 m (5.3 ft) diameter
cylindrical shell with a 24 cm (9.5 in) thick shield plug at the top and steel cover plates welded at each
end. The shell length is fuel specific and varies from 4.2 to 4.6 m (13.8 to 15.1 ft). The internal steel
basket is a welded steel structure consisting of 24 square storage locations.

Between March 1995 and March 1997, the utilities using the VSC-24 experienced four incidents
in which cracks occurred in either the weld between the shield lid and the MSB shell or the weld
between the structural lid and the MSB shell (Fig. 4). This cracking was identified by either helium leak
test or dye penetrant examination required to be performed during cask loading. Table I summarizes the
weld crack events. The MSB shell, shield lid, structural lid, and their closure welds form part of the
confinement boundary for the VSC-24 dry spent fuel storage system and are classified as important to
safety.

After learning of the cracking events at Palisades (March 1995) and ANO (December 1996) and
because these weld joints form part of the confinement boundary, NRC became concerned about the
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difficulties encountered with welding and performed an inspection at SNC in March 1997. As part of
the inspection, NRC evaluated possible root causes but did not positively confirm a root cause.
However, NRC concluded that neither SNC nor utilities using the VSC-24 had performed a
comprehensive analysis to identify the root cause(s) of the welding problems nor implemented
sufficient corrective actions to preclude recurrence of the problems. On March 26, 1997, shortly after
the inspection, another crack occurred during loading at ANO.
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FIG. 3. Ventilated storage cask (VSC-24) system component
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FIG. 4. MSB structural lid-to-shell weld
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TABLE I. WELD CRACKING EVENTS SUMMARY

Facility

Palisades

Point
Beach

ANO

ANO

Date

3/95

5/96

12/96

3/97

Detection

helium leak test

liquid penetrant
test
(PT)

helium leak test

liquid penetrant
test (PT)

Location

shield lid-to-
shell weld

structural lid-
to-shell weld

structural lid-
to-shield

shield lid-to-
shell weld
shield lid-to-
shell weld

Description

about 15 cm (6 in) long by 3.2 mm (1/8 in).
deep that extended from about 3.2 mm
(1/8 in) above the shield lid-to-shell weld
fusion line into the shell base metal
three cracks, each less than 1 inch long,
located along the center of the root pass at
locations where the fit-up gap between the
lid and the backing ring was widest
in addition, cracking and weld porosity
were found in the structural lid-to-shield lid
seal weld (fillet weld associated with the
vent port covers)
about 10 cm (4 in) long located along the
weld fusion line
about 18 inches long located along the
weld fusion line of the root pass

On 16 May 1997, NRC issued confirmatory action letters (CALs), to SNC and the three utilities
[3,4,5,6] using the VSC-24, that documented their commitments to resolve the welding problems. In
response to the CALs, the utilities using the VSC-24 and SNC formed the Owners Group to collectively
identify the root cause(s) and develop corrective actions.

The Owners Group assembled a team to evaluate the welding problems. The team consisted of
industry experts in metallurgy, welding and NDE. This evaluation included an assessment of the
information gathered during the initial evaluations performed by the individual licensees and additional
testing and evaluation to determine the root causes of the four observed cracking incidents. To ensure
that the Owners Group's proposed corrective actions received the appropriate technical and regulatory
attention, NRC also assembled a team of staff experts in the areas of metallurgy, welding and NDE.

Subsequently, in June 1997, during its investigation into the welding problems, the Owners
Group identified weld repairs that had been made to numerous MSB shells during fabrication that were
not documented in accordance with VSC-24 licensing commitments and regulatory requirements. As a
result, on 5 September 1997, NRC supplemented the CALs [7,8,9] issued to the utilities. The
supplements documented each utility's commitment that, in addition to resolving the welding problems,
they would certify that all unloaded casks intended for use were fabricated in accordance with the
VSC-24 licensing basis and regulatory requirements.

On July 30, and September 18, 1997, the Owners Group submitted to NRC the results of its
review and proposed corrective actions to the welding process to inhibit the cracking [10,11].

2. ROOT CAUSES OF THE WELD PROBLEMS

The Owners Group weld review team evaluated each of the four weld cracking events to identify
the root cause(s). Their evaluation included a reassessment of the initial evaluations performed by the
individual users, additional evaluation by the team and testing. The team identified separate root causes
for each of the four cracking events.

The team concluded that the weld crack in the Palisades cask was caused by an existing
condition in the rolling plane of the shell material which was opened up by the process of making the
shield lid weld. Metallographic analysis revealed a crack that propagated along prior austenitic grain
boundaries of a pre-existing weld of unknown origin, possibly an undocumented repair weld.
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The cracks on the root pass of the structural lid-to-shell weld, associated with the Point Beach
cask, were determined to be caused by wide fit-up gaps that were not properly filled by the welding
technique. This resulted in a lack of fusion in the weld metal. The cracking and weld porosity found in
the structural lid-to-shield lid seal weld were caused by moisture contamination of the weld. The
moisture came from water forced out of the drain line during cask loading. The team concluded that the
causes of the weld cracks at Point Beach were associated with the welding technique and were not
related to the causes of the cracking observed at Palisades or ANO.

The crack in the shield lid-to-shell weld for the first cask loaded at ANO was initially considered
to have been caused by lamellar tearing based on visual observations of the crack by the welders before
the crack was repaired. No other data were available other than the observation that this crack was
similar in appearance to the second crack observed during welding of the shield lid-to-shell weld for the
third cask loaded at ANO.

The team (1) observed differences between the welding conditions at ANO and those at Point
Beach and Palisades that were judged to have a possible influence on the cause of the cracks observed
at ANO; (2) evaluated parameters which affect the risk of hydrogen induced cracking (HIC), including
hydrogen level, microstructure, and stress; (3) tested samples of the ANO shell material and determined
that they had excellent resistance to lamellar tearing; and (4) re-examined a replica of the second weld
crack using light microscopy and scanning electron microscopy and concluded that the crack had the
appearance of a HIC.

The team concluded that the second crack at ANO appeared to have been HIC. The team also
concluded that there was no evidence to indicate that other potential causes of cracking, including
lamellar tearing, undocumented welds discovered as a result of the team investigation, or small sulfur
inclusions found in MSB shell material at ANO, contributed to the cause of the cracking observed at
ANO.

The staff reviewed information submitted by the Owners Group regarding the MSB weld
cracking and additional information gathered during inspections and site visits. The existence of
undocumented welds observed on several MSB shells was confirmed during inspections conducted at
SNC's fabricator site and at ANO. The staff accepted the Owners Group's conclusions as reasonable
explanation for the cracks [12].

3. POTENTIAL FOR DELAYED CRACKING

The Owners Group determined that HIC of the MSB closure welds was possible because a
sufficient combined severity of the following three conditions may have existed during the welding of
previously loaded casks and, therefore, previously loaded casks may have been susceptible to HIC. The
conclusions were based on the following: (1) the hydrogen content of the welding consumables,
particularly for ANO and Palisades, was high (15.0 - 15.9 ml H2 STP/lOOg); (2) the microstructure of
the selected steels welded for previously loaded VSC-24s were judged to have been in the susceptible
range for embrittlement by hydrogen and likely to contain martensite; and (3) the joint configuration for
these welds is recognized as being highly constrained so that residual stresses are expected to be at, or
near, the yield level.

The Owners Group estimated the maximum expected delay times for HIC of SA-516, Grade 70
steel, at 3 hours. The delay time is the time between completion of the weld and the onset of cracking.
Their computed estimates considered: (1) data gathered from a literature review of delay times
associated with HIC; (2) an understanding of factors that affect the onset and continuation of cracking
such as the influence of temperature and alloy content on hydrogen diffusion rates; (3) the
material/weld strength; and (4) volume of the weld — the time for escape (loss of a given fraction of the
hydrogen to the environs) increases as the square of the hydrogen diffusion path.

The Owners Group compared the estimated maximum expected delay times with the elapsed
times between completion of a weld pass and inspection of that pass and concluded that it was unlikely
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that delay times would have exceeded the actual inspection time intervals. The Owners Group further
supported its conclusion with the observation that cracking was detected at ANO within an elapsed time
of 30 minutes after welding.

The staff reviewed information provided by the Owners Group and independently reviewed
additional literature regarding HIC and agreed with the three principal factors that promote HIC as
discussed by the Owners Group. The NRC staff also identified additional factors that may affect the
potential for HIC of the MSB closure weld including: (1) use of low-sulfur steels for better fracture
toughness; (2) strict controls on selected weld parameters; (3) notch effects and higher local stresses
caused by poor fit up; (4) differences in heat affected zone (HAZ) microstructure due to differences in
cooling rates; and (5) initial temperatures of the welds [12].

While many of the factors that affect delay times described by the Owners Group were accepted,
the staff did not accept 3 hours as the maximum delay time for cracking. While the initiation of cracks
of significant size would most probably have been within the 3-hour delay time, the staff determined
that cracking may have occurred over longer time periods.

On previously loaded casks, the staff concluded that (1) conditions that promote HIC may have
existed during welding, (2) welds of both the structural lid and the shield lid may have been susceptible
to HIC, and therefore, (3) that HIC may have occurred in those welds. In addition, the staff concluded
that delayed HIC behaviour could have occurred both before and after completion of weld inspections
performed on previously loaded MSBs.

4. CORRECTIVE ACTIONS

The Owners Group developed corrective actions (CA) to address each root cause and prevent
recurrence. In general, those actions involved modifications to weld processes, non-destructive
examinations, and other quality or operational changes. Table II is a composite summary of the
corrective actions that address welding for unloaded MSBs.

The staff reviewed the information provided by the Owners Group and independently evaluated
the proposed corrective actions related to the weld cracking. The corrective actions described in
Table II are based on the root causes identified for the known instances of cracking. The four corrective
actions for the first root cause, defects in shell material and undocumented welds, are based on
identifying defects present in the MSB wall or preventing undocumented welds (CAs 1-4). The staff
concluded that the proposed corrective actions for the first root cause provide adequate measures to
detect and properly address potential base metal defects or undocumented welds in existing unloaded
MSBs. For MSBs fabricated in the future, the proposed corrective actions should minimize the
potential for base metal defects and undocumented welds.

The two corrective actions for the second root cause, improper fit-up of lid and backing ring, are
intended to check proper fit-up (CA 5), and if required, repair by welding to fill in unacceptable gaps
(CA 6). These measures serve to reduce the residual stresses generated during cooling of the weld that
can distort the structure; exacerbate an existing welding flaw, e.g., propagate a crack; and make a weld
more susceptible to HIC. The staff concluded that the proposed corrective actions for the second root
cause should adequately prevent poor fit-up conditions during future closure lid welding.

The corrective actions for the third root cause, moisture contamination of weld, should preclude
and remove water in the area surrounding the weld joint to keep it from becoming entrained into the
closure welds and causing welding flaws, including porosity. The staff concluded the proposed
corrective actions for the third root cause are adequate to prevent future moisture contamination of
welds. The corrective actions for the fourth root cause, HIC, are preventive measures. The staff
evaluated the changes to the welding procedures proposed by the Owners Group to address HIC and
concluded that these changes will (1) allow hydrogen to diffuse out of base metal before and after
welding to reduce susceptibility to HIC (CAs 10 and 11); (2) reduce the cooling rate and thus hardness,
which reduces susceptibility to HIC (CAs 10 and 11); (3) improve fracture and notch toughness (CAs
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10 and 11); (4) reduce hydrogen introduction into weld metal from electrodes to reduce susceptibility to
HIC (CA 12); and (5) reduce residual stresses to reduce susceptibility to HIC (CAs 10, 11, and 13). If,
despite the above corrective actions, HIC still occurs, a hold period of 2 hours between the completion
of the weld and inspection (CA 14) will allow time for delayed HIC to develop such that it will be
detectable by the various NDE methods used on the VSC-24 closure welds. For future casks, steels
with a lower carbon equivalent, which are less susceptible to HIC, will be used (CA 15).

TABLE II. OWNERS GROUP CORRECTIVE ACTIONS FOR UNLOADED MSBs
AND MSBs TO BE MANUFACTURED IN THE FUTURE

Root Cause Corrective Action (CA) Applicability

Defect in shell
material;
undocumented welds

1. Acid etch top 4 inches of cask
2. urPerASTMA435b

3. Certification thatMSBs meet the design and
terms and conditions of theCoCc and are in
conformance with the Safety Analysis Report
and Safety Evaluation Report including any
referenced standards, criteria, orrequirementsd

4. Use of low sulfur, calcium-treated, vacuum-
degassed steel

1-2. Unloaded MSBs
already manufactured
3. Unloaded MSBs

4. MSBs manufactured
in the future

Improper fit-up of lid
and backing ring

5. Proper fit-up of assembly
6. Manual welding to fill-in unacceptable gaps
before automated welding

5 - 6. All future lid
welding

Moisture
contamination of
weld

7. Ensure water level in MSB is adequately
below the shield lid via partial drain ofMSB
8. Vent or inert airspace beneath shield lid
9. Preheat weld area to 93°C (200°F)

7 - 9. All future shield
and structural lid
welding, including lid-
to-lid and valve cover
fillet welds

Hydrogen induced 10. Addition of 93°C (200°F) e'f preheat
11. Addition of 93°C (200°F) postheat, lh
12.Low hydrogen welding electrodes
(<10 ml H2 /100g deposited weld metal)
13. Large tack welds/balanced weld sequence to
prevent movement of lids and better distribute
shrinkage forces from cooling of weld
14. 2-hour delay before inspection
15. Use of materials with lower carbon
equivalent values

10- 14. All future shield
and cracking structural
lid welding, including
lid-to-lid and valve cover
fillet welds

15. MSBs manufactured
in the future

a. UT = ultrasonic examination or ultrasonic test.
b. Palisades indicated an alternate, American Society of Mechanical Engineers (ASME), Boiler & Pressure Vessel
(B&PV)Code, Section III, NB-2532.1 [13].
c. CoC = certificate of compliance.
d. NRC CAL Supplements 97-7-002A, 97-7-003A, and 97-7-004A.
e. SNC evaluation indicated the effect on time to drain down (VSC-24 Technical Specification 1.2.10) is negligible.
f. Meets requirements of ASME B&PV Code, Section III, Sub-Section NC [13].

The staff found that the 2-hour hold period prior to performing the final weld inspection for
future MSB loading is an acceptable practice. The revised welding procedures ensure that temperatures
are maintained at or above 93°C (200°F) during welding. At these temperatures, the diffusivity of
hydrogen is increased, leading to the escape of hydrogen from the weld to the surrounding metal and to
the ambient air. This decreases the available hydrogen and thereby decreases the likelihood of
cracking. However, it also leads to a decrease In the delay time for any cracks that might form.
Nevertheless, the detection of any significant cracks that may have formed is ensured by the fact that
the ultrasonic test (UT) of the structural lid closure weld is not to be conducted until 2 hours after the
completion of the final pass. As the root pass is regarded to be the most likely pass to crack, the
beneficial effects of elevated temperatures will have been present for many hours from the time that

243



BATTIGE et al.

this pass is completed to the time of the inspection. This gives high confidence that sufficient time has
been allowed for the initiation of cracks (that may form) prior to conducting the UT inspection. The
staff concluded that CAs 10 through 15 for the fourth root cause, HIC, should effectively reduce the
susceptibility of future welds toHIC and allow for detection, should they occur.

On the basis of concerns with the weld cracking events and experience that has shown that
welding processes are not always reliable, NRC staff sought reasonable assurance to confirm that the
MSB closure has sufficient integrity to meet the regulatory requirements. In response to NRC staffs
request for testing, surveillance, or monitoring to confirm that the corrective actions were effective, the
Owners Group committed to volumetrically examine the structural lid-to-shell closure weld during
future cask loadings and for previously loaded casks. Because volumetric examination has the
capability to examine the entire volume of the weld, it would also verify the presence of a structurally
sound weld. The ASME B& PV Code recognizes two techniques for volumetric inspection:
radiography (RT) and UT. Because of physical limitations in accessing the examination area, the
Owners Group determined RT of the weld was impractical. Therefore, the Owners Group pursued UT
of the structural lid weld.

Development of the UT process involved two major tasks: (1) demonstration of a UT technique
on a full diameter MSB mock-up containing imbedded flaws; and (2) development of a methodology to
disposition flaw indications located by UT. The process included the following major steps: (1)
development of flaw size screening criteria; (2) performance of material fracture toughness testing of
weld metal, HAZ, and base metal at -18°C (0°F) to determine the physical properties for the welding
techniques used at each site; (3) submission of weld coupons to NRC for independent material testing;
(4) construction of an MSB mock-up with implanted flaws of various known sizes, orientations, and
locations within the structural lid-to-shell weld; (5) development of procedures for the UT of the lid-to-
shell weld; and (6) demonstration of theUT technique during NRC inspection.

The Owners Group successfully demonstrated its UT technique and the NRC staffs findings
were documented in an inspection report [14]. The staff concluded that the time-of-flight diffraction
UT technique developed by the Owners Group [15] will confirm the integrity of the welded joint
through detection of subsurface flaws such as cracking and weld process-induced flaws, e.g., slag
inclusions, incomplete fusion, incomplete joint penetration.

The staff evaluated the methodology for dispositioning flaw indications found by UT [16,17].
Flaw indications will be characterized, evaluated for flaw proximity per the criteria of ASME B&PV
Code, Section XI, IWA-3300 [18], and compared to screening criteria. The staff conducted
independent confirmatory material testing on weld samples provided by the Owners Group and
independently assessed the fracture toughness. The allowable flaw sizes screening criteria were
calculated in accordance with ASME B&PV Code, Section XI. IWB-3611 or IWB-3612 and based on
lower bound fracture toughness testing data and upper bound residual stress value at the yield stress
level 262 MPa (38 ksi) for the material. For a flaw larger than these screening limits, a flaw specific
evaluation, using the methodology of ASME Section XI, IWB-3600, may be performed to assess
acceptability. Flaws that are unacceptable will be removed or reduced to acceptable limits, the area
repaired, and the area re-examined to determine acceptability. The staff concluded that this approach
provided reasonable assurance to ensure the adequacy of the structural lid closure weld. The screening
criteria are applicable to both currently loadedMSBs and those that will be loaded in the future.

5. REGULATORY ACTIONS

Based upon the staffs evaluation [12] of the Owners Group root causes and corrective actions
reports, the CALs for Point Beach and ANO [19,20] were closed, and additional storage casks were
successfully loaded at each site. While closing of the CAL for Palisades is pending the submittal of
additional information, the licensee is proceeding with its UT examinations and evaluations of
previously loaded casks.

As a result of lessons learned from these cracking events, the NRC is evaluating the generic
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implications of this issue in the licensing process for current cask designs. At question is whether PT
(liquid penetrant surface examination or liquid penetrant test) examination of weld root and final pass
layers, along with helium leak test, is sufficient to provide reasonable assurance of the containment
boundary closure weld joint integrity or whether UT examination is necessary for detection of
subsurface flaws such as cracking and weld process-induced flaws (e.g., slag inclusions, incomplete
fusion, incomplete joint penetration). Because austenitic stainless steel does not have a nil ductility
transition temperature, the weld can sustain "large" flaws without a concern for flaw growth. This
allows the use of either UT or PT, although both would have limitations on detectable flaw size and
both would accept less than critical flaws. Therefore, for austenitic stainless steels, NRC is considering
multiple pass dye penetrant techniques such that, along with root and final layer PT, there would be
sufficient intermediate layer PT examinations to detect critical flaws. The maximum undetectable flaw
size would have to be less than the critical flaw size. Also, a stress-reduction factor of 0.8 would be
applied to the weld design to account for any uncertainties. ASME B&PV Code, Section XI methods
would be used to calculate the critical flaw size. Other materials would be considered on a case-by
case-basis.

6. CONCLUSIONS

The staff concluded that the VSC-24 Owners Group proposed corrective actions, (modifications
to the welding procedures, NDEs, and other material, quality, and operational changes) were adequate
to prevent recurrence of the root causes of the identified welding defects. In addition, volumetric
examination of the structural lid-to-shell weld joint will provide reasonable assurance to confirm the
presence of a structurally sound weld for both future MSB loadings and previously loaded MSBs. The
methodology to address flaws identified by UT requires that if unacceptable conditions are identified,
the flaws are required to be evaluated and/or repaired in accordance with the licensee's quality
assurance program and Owners Group commitments.

The importance of identifying necessary welding procedures and examination techniques early
in the design and approval process has been clearly demonstrated. The need for UT examination of the
final containment boundary closure welds on new storage cask design approvals is receiving closer
scrutiny at NRC.
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