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-4EXECUTIVE SUMMARY

Arkansas Nuclear One, Units 1 and 2
NRC Inspection Report 50-368/97-1 2; 72-1 3/97-01
This special inspection was conducted to review the welding program at Arkansas Nuclear
One to determine the reason for two recent cracks in the VSC-24 dry storage casks shield
lids. The inspection was initiated in response to notification by Arkansas Nuclear One that
a crack had been found in the shield lid weld of cask No. AMSB-005 during the
examination of the root pass weld. This was the third such cask to be loaded at ANO. In
December 1996, the first cask loaded, No. AMSB-001, had also experienced a crack in the
weld of the shield lid. Both cracks had been found as part of the required weld examination
and testing requirements that are implemented during the welding of the shield lid and
structural lid. In both cases, the welds were repaired, retestcd, and accepted. This
inspection reviewed the possible causes of the cracking problem and the corrective actions
implemented by Arkansas Nuclear One.
*

The requirements of the VSC-24 cask Certificate of Compliance concerning weld
examination were fully implemented during the loading of the fourth cask. A review
of records for the first three casks also indicated that all examination requirements
were completed (Section 1).

*

Given the observance of intergranular fracture, the presence of water beneath the
weld joint, the relatively cold temperatures of the steel, the highly constrained weld
joint, a base metal of marginal hydrogen cracking susceptibility, and the unknown
diffusible hydrogen content in the weld, hydrogen cracking of the shell could not be
eliminated. The determination of whether hydrogen cracking occurred on the third
cask will be tracked as an unresolved item (Section 2).

*

An Inspection Followup Item was opened to review the licensee's evaluation of the
effects of preheating the MSB on the time limit for draining the MSB. The NRC
inspectors concluded that the changes to the welding process proposed and
implemented by ANO should improve resistance to cracking phenomena. However,
the potential for hydrogen induced cracking may not be eliminated with the revised
process. The adequacy of ANO's corrective action to reduce the potential for
hydrogen cracking, utilizing the revised weld package and preheating, will be tracked
as unresolved item (Section 3).

*

Arkansas Nuclear One implemented a revised welding process for a portion of the
welding on the third cask and all welding on the fourth cask including preheating to
150F. Examination of the welds for the shield lid and the structural lid found no
cracks (Section 4).

*

Based on the evaluation of the crack in the third cask and the review of the
conditions that existed during the welding of the first cask, the NRC concluded that
it was unlikely the first cask cracking was a result of lamellar tearing. Similarities
common to the first and third casks welding included the heat loads, the lack of
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-5preheating, and identical weld sequencing methods. Because of these similarities,
the NRC inspectors concluded that the cause of the first cask cracking was likely
the same mechanism which caused the cracking process that occurred with the
third cask. The lack of cracking in the second cask may have been related to the
higher weld area temperature during welding. The concern that the first cask may
have experienced hydrogen cracking will be tracked as an unresolved item
(Section 5).
*

Blockage in the shield lid drain line on the fourth cask resulted in the inability to
drain water from under the shield lid prior to welding, resulting in the cask being
returned to the cask loading pit and the shield lid being removed in order to remove
the blockage. A more complete preoperational acceptance inspection procedure
would have prevented this problem. This omission of an adequate preoperational
inspection process and procedure was identified as a Severity Level IV violation
(Section 6).

-6Report Details
During the period from December 3, 1996, through the dates of this inspection, Arkansas
Nuclear One had moved four casks containing spent fuel from the Unit 1 and Unit 2 spent
fuel pools into dry cask storage at the on-site Independent Spent Fuel Storage Installation
(ISFSI). Two casks were loaded with spent fuel from Unit 1 and one cask was loaded with
spent fuel from Unit 2. The loading of the fourth cask with Unit 2 spent fuel was observed
during this inspection. Arkansas Nuclear One used the Sierra Nuclear VSC-24 dry cask
storage design. This design utilized a steel basket loaded with spent fuel, welded shut, and
placed into a vertical concrete cask for storage on the ISFSI pad. Fourteen casks had been
constructed and were available for loading at the Arkansas Nuclear One site. The VSC-24
design included a shield lid placed inside the basket above the fuel and welded in place.
Then a structural lid is placed over the shield lid and welded in place. The basket is
fabricated from ASME SA-516 Grade 70 carbon steel. The Certificate of Compliance for
the welding of the two lids required the shield lid and structural lid to be dye penetrant
tested for flaws, and the shield lid to be leak checked for helium. Both the root pass weld
and the final weld were required to be tested on both lids. The shield lid final weld was
also required to be tested for leakage using a helium leak test method.
During the loading and welding of the first cask in December 1996, a crack was detected
during the helium leak test of the final weld of the shield lid and confirmed using dye
penetrant examination. The second cask loaded at Arkansas Nuclear One did not indicate
any cracks during the examination of the welds. On March 21, 1997, ANO personnel were
alerted during an exit meeting held at the Sierra Nuclear Corporation of the potential
generic issue regarding cracking in cask closure lids. No changes were implemented to the
licensee's program as a result of this information. However, the third cask loaded at
Arkansas Nuclear One did experience a crack in the root pass weld of the shield lid. As a
result of a second crack being found in the VSC-24 casks at Arkansas Nuclear One, the
NRC initiated a special inspection to evaluate the licensee's welding procedures and to
assess the potential causes of the cracking. An Inspector from Region IV and two NRC
materials engineers from headquarters conducted the inspection at Arkansas Nuclear One
to evaluate the cracking problem and observe the welding techniques used on the fourth
cask.
1

Weld Integrity Examination Requirements for the VSC-24 Lids (60855)

1.1

Inspection Scope
The Certificate of Compliance for the VSC-24 cask required examination and
verification of the welds on the inner shield lid and the outer structural lid. The
Arkansas Nuclear One procedures and welding package were reviewed to ensure
compliance with the examination requirements for the welds.

1.2

Observations and Findings
Technical Specification 1.2.2 of the VSC-24 Certificate of Compliance required a
helium leak test for the final weld of the shield lid. Technical Specification 1.2.9
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shield lid and the structural lid. If the examination indicated that the weld was
unacceptable, the weld was ground down, rewelded, and the new weld reexamined.
In addition to the helium leak test and the dye penetrant test requirements, the
Safety Analysis Report, Section 9.1.2 required a hydrostatic test of the vessel after
the shield lid was welded in place.
Arkansas Nuclear One had incorporated the requirements identified in the Certificate
of Compliance for the dye penetrant test, helium leak test, and hydrostatic test into
Procedure 1302.025, "Spent Fuel Removal and Dry Storage Operations," Revision 7
and associated weld packages. The following is a summary of the tests performed
by Arkansas Nuclear One.

ACTIVITY COMPLETED

TEST

Shield Lid Root Pass

1) Dye penetrant test

Shield Lid Final Pass

1) Helium leak test
2) Dye penetrant test
3) Hydrostatic test

Structural Lid Root Pass

1) Dye penetrant test

Structural Lid Final Pass

1) Dye penetrant test
2) Vacuum test (3 mm Hg vacuum for 30 minutes)
3) Helium leak test
4) Vacuum test (3 mm Hg vacuum for 30 minutes)

Inner Valve Cover Welds

1) Helium leak test
2) Dye penetrant test

Outer Valve Cover

1) Helium leak test

Welds

2) Dye penetrant test

During the loading of the first cask and the fourth cask, NRC personnel reviewed the
nondestructive examination records for the dye penetrant examination and the
helium leak testing and observed the nondestructive examination specialist
performing a number of the tests. The Arkansas Nuclear One nondestructive
examination specialist demonstrated a strong knowledge of the techniques for the
required tests and completed the tests according to procedures.
1.3

Conclusion
The requirements of the VSC-24 cask Certificate of Compliance concerning weld
examination were fully implemented during the loading of the fourth cask. A review
of records for the first three casks also indicated that all examination requirements
were completed.
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Initial Evaluation of the Crack on the Third Cask (60855)

2.1

Insoection Scope
As a result of the discovery of a crack in the third cask being loaded at Arkansas
Nuclear One, the NRC determined the need to evaluate the welding process being
used, including an independent evaluation of the potential cause of the cracks and
the corrective actions planned by Arkansas Nuclear One.

2.2

Observations and Findings

a.

Arkansas Nuclear One Cask Designations
Arkansas Nuclear One had loaded three casks and was in the process of loading the
fourth cask during this inspection. The casks were designated by serial numbers as
follows:

[
b.

Inspection Report
Designation

Loading
Order

Cask Serial
Number

Weld Crack Detected

Cask No. 1

1st

AMSB-001

Yes, final pass of shield lid

Cask No. 2

2nd

AMSB-003

No

Cask No. 3

3rd

AMSB-005

Yes, root pass of shield lid

Cask No. 4

4th

AMSB-006

No

Discovery of the Crack on the Third Cask
Arkansas Nuclear One initiated Condition Report (CR) C-97-0121 on March 28,

1997 concerning the discovery of the crack during welding of the shield lid for the
third cask. The condition report stated that during the welding of the root pass of
the shield lid, an indication was found by dye penetrant examination approximately
1/8 inch above the top of the deposited weld metal. Since the indication was found
using dye penetrant examination, this implies that the indication could not be
detected visually by the welders or non-destructive examination (NDE) personnel
prior to the test. Originally, the indication was believed to be a laminar flaw in the
base metal of the cask. The welders began grinding the indication to repair the
defect. During the removal of the indication, the defect spread to more than
13 inches in length. At this point, Arkansas Nuclear One stopped the weld repair
activities and secured outside contractor services to evaluate the potential causes of
the crack and the appropriate corrective actions to prevent recurrence. Condition
Report (CR) C-97-01 21 also stated that based on the appearance of the indications
and the way in which the defect spread, the defect could be caused by hydrogen
cracking. Arkansas Nuclear One conducted another dye penetrant test 48 hours
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after welding to allow the weld area sufficient time to cool. No additional flaws
were found.
The services of two organizations were obtained to assist in evaluating the problem
with the weld cracking. The President of Sperko Engineering arrived on site on
March 27, 1997. Later that day, representatives from Radian International
Corporation arrived. Both organizations provided independent reports to Arkansas
Nuclear One. These reports are provided as attachments to this inspection report
and are summarized below.
c.

Evaluation of the Crack by Sperko Engineering
The President, Sperko Engineering performed an evaluation of the crack and
concluded that the weld cracked due to weld shrinkage. The crack had started at
the beginning of the weld pass and was the result of pulling of the lid or distortion
of the shell asymmetrically as the weld progressed around the grove. This resulted
in all of the strain being absorbed by the small root weld itself with the strain
concentrated at the start point. Though tack welds had been used, there was an
insufficient amount of tack welding to prevent the relative movement of the shell
and lid. Since the weld material had a significantly higher yield strength than the
base metal and, since the effective throat thickness of the weld was greater at the
lid side than the shell side, all the strain was absorbed by the shell side heat
affected zone in the immediate area of the start point of the welding. Due to the
geometry of a partial-penetration joint, the stress intensity was greatest at the root
of the weld between the shim plate and the shell, tearing the joint apart through the
weakest material, which was the heat affected zone.
The Sperko report noted that the key observation which indicated that weld
shrinkage was responsible for crack formation was that the crack ran from the start
point of the weld and in the direction of welding. Almost no cracking was evident in
the opposite direction from the weld start point. Also, no other cracking was found
in any part of the weld.
The Sperko report discounts hydrogen cracking, because the cracking occurred soon
after the welding was completed and while the cask weld area was still hot. A
review of the Radian photomicrographs did not reveal any evidence of fissures in the
weldment, indicating that hydrogen was not a major contributor to the cracking.
Also, the carbon. equivalent was not high enough for hydrogen to be a significant
concern in multi-pass welding, provided low hydrogen practices were followed.
Finally, the heat affected zone hardness measurements did not show any hardening
of the heat affected zone of the lid.

d.

Evaluation of the Crack by Radian International. Inc.
Radian personnel conducted in-place material examination of the weld crack. This
included hardness testing, macro photography, and microstructural replication of the
weld, the crack, and the heat affected zone of the lid. The purpose of the
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examination was to provide additional information pertinent to the failure analysis.
Their analysis determined that a single crack existed in the weld metal at the weld
root. The crack may have been a remnant of the crack that initiated at the
shim/shell gap. The crack may have initially propagated through the weld metal and
subsequently grew into the heat affected zone. The crack continued to propagate
through the heat affected zone until it reached the surface. No micro cracks or
grain boundary separation was observed adjacent to the crack.
Radian concluded that the weld metal on the south end of the excavated region
contained a single crack which was primarily intergranular. The crack appeared near
the root of the weld. No interdendritic fissuring or microcracks were observed
adjacent to the crack in the weld. The fine-grained and course-grained heat affected
zone did not exhibit any hydrogen fissuring or other evidence of hydrogen damage.
The crack on the north end of the excavated region appeared to also be a single
crack initiating at the root of the weld from the gap between the shim and basket
wall. The initial propagation of the crack may have extended through weld metal at
the root of the weld. This portion of the crack appeared to have propagated through
the heat affected zone on the basket side of the weld. The crack on the south end
of the excavation also emanated from the shim/shell gap. The Radian report
concluded that the crack was primarily intergranular and found no evidence of
hydrogen damage based on the crack not showing evidence of interdendritic
fissuring or microcracks adjacent to the crack.
e.

Evaluation of the Crack by the Nuclear Regulatory Commission
Contrary to the Sperko Engineering report, the inspectors review and assessment of
the cracking found it was unlikely that the weld metal shrinkage would cause
overload failure in the plate. The weld joint in question was very similar to the
established "Circular Patch Test" for evaluating weld solidification cracking (We/ding
Journal, March 1997, pp. 110-1 19). The weld metal is applied in a continuous
fashion around the circular weld path. This article states, "At some point around
the diameter of the weld sufficient strain is accumulated to induce cracking in the
wveld metal which usually propagates until the end of the weld." Welding texts
including Welding Metallurgy by G. Linnert, Introduction to the Physical Metallurgy
of Welding by K. Easterling, and Welding Metallurgy by S. Kou, show that the result
of high restraint in a weld joint is solidification cracking of the weld metal, not
ductile overload of the base metal. In addition, a tensile overload failure would
result in significant plastic deformation of the material. The resulting crack would
be readily visible to the unassisted eye without a dye penetrant examination.
The inspectors concluded It was unlikely, due to the age of the steel used, that
lamellar tearing contributed to the cracking in the heat affected zone (Jubb, Welding
Research Council (WRC) Bulletin, December 1971). The welding research council
bulletin described the behavior of steel with 0.025 to 0.035 percent sulphur, which
had a ratio of through thickness strain to failure to longitudinal strain to failure
(e6,IeCn) = 0.020 to 0.75. The cask steel had a sulfur content of 0.017 percent or
less. In an article by A. D. Wilson, Lukens Steel published strain to failure ratios for

-1 1 -

A51 6 Grade 70, (etIeo) = 0.83 for conventional steel and 0.88 for specially
treated steel (ASTM STP 794, 1981, pp. 130-146). Thus, these steels had nearly
no loss of strength in the through thickness direction which would lead to lamellar
tearing.
The Radian International report concluded that no hydrogen cracking was observed
since no "fissuring or microcracks were observed" and that the crack observed was
primarily "intergranular." Fissures are the result of unusually high hydrogen level in
the steel as described in Introduction to the Physical Metallurgy of Welding, by
K. Easterling. However, lower hydrogen concentrations that are normally found in
current steel making and welding techniques may lead to intergranular cracking.
Texts referenced by Easterling, Linnert, and Kou all have excellent examples of
intergranular hydrogen cracking. Radian International's statement that there was no
evidence of hydrogen cracking since only intergranular cracks were observed was
contrary to much of the welding literature.
2.3

Conclusion
The inspectors found the following conditions existed in association with the shield
lid weld on the third ANO cask:
*
*
*
*
*
*

observance of intergranular fracture
presence of water beneath the weld joint
relatively cold temperatures of the steel
a highly constrained weld joint
a base metal of marginal hydrogen cracking susceptibility
an unknown diffusible hydrogen content in the weld

Given the conditions and observations noted above, hydrogen cracking of the shell
could not be eliminated. Therefore, the NRC concern that the cracking mechanism
associated with the third cask was due to hydrogen cracking will be tracked as
unresolved item (URI 50-368-9712-01).

3

Corrective Actions Taken by Arkansas Nuclear One (60855)

3.1

Inspection Scope
Arkansas Nuclear One initiated corrective actions to preclude further cracking based
on the recommendations of Sperko Engineering and Radian International, Inc. These
corrective actions were used on the fourth cask and observed by the NRC
inspectors.

3.2

Observations and Findings
After discussions with Sierra Nuclear, Sperko Engineering, and Radian International,
Inc., the ANO staff concluded that the crack was in the heat-affected zone. The
licensee determined that the excavated cavity should be repaired under the weld
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Section 1I1. The licensee was not able to extract a remnant of the crack with a boat
sample because of the geometry of the joint.
After Radian personnel completed their material tests, the crack remnant was
excavated to a final length of about 13 inches and the full depth of the root pass.
Grinding was performed approximately 2 inches beyond the end of the crack. The
excavated cavity was about 18 inches long. Complete crack removal was
confirmed by dye penetrant examination.
The root pass weld was repaired after preheating the excavated cavity to more than
150'F. The root pass weld repair was completed on March 29, 1997. The
subsequent liquid penetrant test of the repaired area and the rest of the weld root
was acceptable. A 150'F preheat was established on the entire weld. The final
two weld passes were then deposited. Hydrostatic testing, helium leak testing, and
dye penetrant examination of the completed weld were performed and all results
found acceptable.
Arkansas Nuclear One revised their weld package requirements for future welds.
The new requirement will include preheating of the weld area to 1500F. The first of
the root pass weld on the shield lid will consist of a 360-degree weld between the
basket and the shims. The weld will be confirmed using dye penetrant. With the
weld area still heated to 150'F, the second root pass will be applied in 45-degree
segments to the shims and lid on alternating sides of the basket, similar to a
tightening sequence for a bolted closure. All subsequent welds will be deposited in
continuous 360-degree passes. Arkansas Nuclear One also changed the weld
sequence to perform intermittent or stitch welding on the shield lid to reduce
thermal fit-up stresses.
A similar process will
preheated to 150F.
360-degree process.
remaining passes will

be used for the structural lid. The structural lid will be
The first of the 15 passes will be applied in a continuous
The second pass will be applied in 45-degree segments. The
be applied in a continuous 360-degree process.

Preheating before welding is commonly used to improve the welding process by
reducing the available moisture, slowing the cooling rate, and reducing shrinkage
stresses. The preheat temperature chosen by Arkansas Nuclear One of 150'F is
lower than the recommended value in ASME Code, Section 1II,Appendix D, which
recommends, but does not require, a 200'F preheat for this material and thickness.
Two issues had to be balanced in considering the temperature for the preheat.
Personnel safety may be a concern with temperatures greater than 150'F. In order
to obtain a 150'F in the weld area, the lid must be heated to approximately 2400F
resulting in a high temperature hazard to the welding and nondestructive
examination personnel working around the lid. Additionally, the VSC-24 Certificate
of Compliance contains Technical Specification 1.2.10, Time Limit for Draining the
MSB which establishes a time limit before which the water must be drained from the
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from the spent fuel. Preheating the weld area will increase the rate of cask heat-up
and will reduce the time allowed to complete the welding of the lids before the cask
must be drained or returned to the spent fuel pool. The licensee's evaluation of the
effects of preheating the MSB on the time limit calculated in the VSC-24 Certificate
of Compliance, Technical Specification 1.2.10, "Time Limit for Draining the MSB"
will be tracked as an Inspection Followup Item to be reviewed during a future
inspection (IFI 50-368/9712-03).
3.3

Conclusion
An Inspection Followup Item was opened to review the licensee's evaluation of the
effects of preheating the MSB on the time limit for draining the MSB. The NRC
inspectors concluded that the changes to the welding process proposed and
implemented by ANO should improve resistance to cracking phenomena. However,
the potential for hydrogen induced cracking may not be eliminated with the revised
process. The adequacy of ANO's corrective action to reduce the potential for
hydrogen cracking, utilizing their revised weld package and preheating, will be
tracked as unresolved item (URI 50-368/9712-04).

4

Observation of Welding of the Fourth Cask (60855)

4.1

Inspection Scope
The NRC inspection team observed the welding of the shield lid and structural lid on
the fourth cask. Observation included pre-heating activities and welding techniques.

4.2

Observations and Findings
After the third cask was found to have cracking associated with the shield lid weld,
Arkansas Nuclear One changed the welding procedure to add a 150F preheat of the
base metal (shield lid, structural lid and basket wall). This technique was used to
repair the crack on the third cask and for all subsequent lid welding. Arkansas
Nuclear One used electric resistance heater blankets to warm the base metal. The
temperature was maintained for 1 hour before welding. Temperatures were
recorded at several locations on the lid and cask wall to assure a relatively uniform
heat distribution. Welding of the shield and structural lids was done with the gas
shielded, flux-cored arc welding (FCAW) process, using 0.045-inch diameter E71-T1
wire procured to meet the requirements of ASME SFA 5.20, "Specification of
Carbon Steel Electrodes for Flux Cored Arc Welding." The revised welding protocol
was used for the fourth cask to weld the root pass and the final welds. After the
root pass weld was performed, the temperature gradient between the lid and the
basket wall decreased due to greater thermal conductivity across the shim area.
Since the weld and base metal were at an elevated temperature, a dye penetrant
test qualified for high temperature was necessary. The dye penetrant test was
performed in accordance with Arkansas Nuclear One procedure 141 5.026, High

-14Temperature Liquid Penetrant Examination, approved May 1, 1996, which was
qualified in the temperature range of 120 F to 250 F. The NDE Level IlIl technician
performing the dye penetrant examination monitored surface temperature
throughout the procedure. All temperature readings were in the acceptable range.
No cracks were identified on the shield or structural lids by the dye penetrant or
helium leak test examinations.
4.3

Conclusion
The inspectors concluded that Arkansas Nuclear One implemented their revised
welding process for a portion of the welding on the third cask and all welding on the
fourth cask including preheating to 150'F. Examination of the welds for the shield
lid and the structural lid found no cracks.

5

Evaluation of the First and Second Casks (60855)

5.1

Inspection Scope
Arkansas Nuclear One had loaded two other casks prior to encountering the weld
problem with the third cask. The NRC conducted an evaluation of the two other
casks to review the crack which had been found and repaired on the first cask and
to determine why no cracking had occurred on the second cask.

5.2

Observations and Findings

a.

Cask Temperature and Heat Load Comparisons
A comparison was completed of the four casks that were loaded by Arkansas
Nuclear One. The first two casks were loaded with unit-1 fuel. The second two
casks were loaded with unit-2 fuel. Data related to the heat loading of the fuel, the
spent fuel pool temperature, and the cask temperature during welding were
examined. The temperature of the unit-1 spent fuel pool was approximately 100'F.
The temperature in the unit-2 spent fuel pool was approximately 70 0F. The spent
fuel placed in each cask had different heat loads, with the second cask having the
highest. The VSC-24 cask is licensed for decay heat loads up to and including
24 kW. The following table provides the heat load of the spent fuel placed in each
cask. In addition, data from temperature measurements taken during the dye
penetrant examination provide a rough estimate of the temperature of the weld area
when the welding was performed. The cask temperature for the fourth cask reflects
the preheating that was performed as part of the corrective action by Arkansas
Nuclear One.
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Order

Spent Fuel
Pool

Cask Serial
Number

Fuel Heat
Load

Weld Area
Temperature

1st

Unit-1

AMSB-001

5.16 kW

1000 F

2nd

Unit-1

AMSB-003

10.18 kW

115°F

3rd

Unit-2

AMSB-005

4.18 kW

75 0 F

4th

Unit-2

AMSB-006

6.41 kW

1500 F

As can be seen from the table, the second cask had a higher temperature during
welding than the first and third casks. The third cask had the lowest cask
temperature during the welding.
b.

Crack on the First Cask
Arkansas Nuclear One began loading their first cask on December 3, 1996. During
the helium leak testing on the final weld of the shield lid, a crack was observed (see
NRC Inspection Report 50-313/96-25; 72-13/96-02, Section 1.2.b). The crack was
confirmed using a dye penetrant test. An initial evaluation of the crack by the
licensee determined that the most likely cause of the crack was lamellar tearing.
The crack in the final weld was approximately 2-3 inches long and extended into the
basket wall. The crack occurred approximately 17 inches from the start point of the
weld. No unacceptable indications had been found during the dye penetrant test of
the root pass weld. The affected area was ground out to remove the crack and
rewelded. A subsequent dye penetrant test and helium leak test indicated that the
weld had been repaired. In addition, a hydrostatic leak test was performed and also
indicated no leakage.
Based on the NRC evaluation of the crack in the third cask and the review of the
conditions that existed during the welding of the first cask, it appears unlikely that

the first cask cracking was lamellar tearing. Common features of the first and third
cask welding included similar heat loads, lack of preheating, and identical weld
sequencing methods. Consequently, the cracking which occurred in the first and
third casks appear likely to have been caused by the same cracking mechanisms.
c.

Lack of Cracking on the Second Cask
The second cask loaded by Arkansas Nuclear One was cask No. AMSB-003. This
cask had indications of porosity during the dye penetrant examination; however, no
cracks were found in either the shield lid welds or the structural lid welds. This cask
was loaded from the Unit 1 spent fuel pool which had the higher water temperature
of 1000F compared to the 70'F temperature of the Unit 2 spent fuel pool. In
addition, the spent fuel loaded in the second cask had a heat load of approximately
twice that loaded in the other casks and light preheating using a flame torch to dry
the weld area was utilized. This resulted in a higher temperature of the weld area

-16and may have contributed to the success of welding this cask without cracking of
the weld.
5.3

Conclusion
Based on the evaluation of the crack in the third cask and the review of the
conditions that existed during the welding of the first cask, the NRC concluded that
it was unlikely the first cask cracking was a result of lamellar tearing. Similarities
common to the first and third casks welding included the heat loads, the lack of
preheating, and identical weld sequencing methods. Because of these similarities,
the NRC inspectors concluded that the cause of the first cask cracking was likely
the same mechanism which caused the cracking process that occurred with the
third cask. The lack of cracking in the second cask may have been related to the
higher weld area temperature during welding. The concern that the first cask may
have experienced hydrogen cracking will be tracked as an unresolved item
(50-368/971 2-05).

6

Problems Encountered During Draining of the Fourth Cask (60855)

6.1

Inspection Scope
This inspection included observation of the activities associated with the welding of
the shield lid and structural lid for cask No. AMSB-006. Activities associated with
preparations for welding were also observed for compliance with procedural
requirements.

6.2

Observations and Findings
The process of preparing for welding of the root pass weld on the shield lid of the
VSC-24 casks required the removal of water from under the shield lid in order to
reduce the heat sink effect which occurs when the water is in contact with the
shield lid during welding. Arkansas Nuclear One Procedure 302.025, Spent Fuel
Removal and Dry Storage Operations, required that approximate 75 gallons of water
be removed from the cask prior to welding. During the implementation of this
procedural step on the fourth cask, Arkansas Nuclear One was unable to drain water
from the cask. Eventually, the cask was returned to the cask loading pit and the
shield lid was removed. The drain line was removed from the shield lid and
examined for blockage. No blockage was found. The drain line hole in the shield lid
was then examined and was found to have a small plastic cap inside the drain line
covering the internal screw threads. This cap had apparently been placed in the
drain line to keep the screw threads clean. An examination of other shield lids found
several additional caps. All caps were removed from the shield lids. The shield lid
and drain line for the fourth cask was then placed back into the cask. No additional
problems were encountered during draining. Arkansas Nuclear One was not aware
that the vendor used these caps to protect the threads while the lids were at the
vendor's shop. The vendor typically removed the caps prior to shipment. However,
in several cases, the caps did not get removed.

-17Unnecessary handling of the heavy shield lid during the loading process occurred,
because the plug was left in the drain line. Arkansas Nuclear One's receipt
inspection procedures did not require confirmation that the shield lid drain line was
free from obstruction prior to use of the shield lid. This lack of satisfactorily
completing proper preoperational acceptance of the shield lid prior to use has been
determined to be a violation of NRC requirements in 10 CFR Part 50 Appendix B.V
(50-368/971 2-01).

6.3

Conclusion
Blockage in the shield lid drain line on the fourth cask resulted in the inability to
drain water from under the shield lid prior to welding, resulting in the cask being
returned to the cask loading pit and the shield lid being removed in order to remove
the blockage. A more complete preoperational acceptance inspection procedure
would have prevented this problem. This omission of an adequate preoperational
inspection process and procedure was identified as a Severity Level IV violation.
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ATTACHMENT 3: SPERKO ENGINEERING REPORT

Sperko Engineering
Services, Incorporated

4803 Archwood Drive. Greensboro. NC 27406-9795
:910) 674-0600 FAUX: (910) 674-0202

April 3, 1997
Mr. James McWilliams
Arkansas Nuclear One
1448 SR 333
Russellville, Arkansas 72801
Subject: Dry Storage Cask Weld Cracking
Dear Mr. McWilliams:
On March 26, the writer was requested to provide assistance to
Arkansas Nuclear One personnel regarding cracking of the shield lidto-shell welds on a dry storage cask. The writer visited the plant on
March 27 and 28 for that purpose, and the following are his observations, conclusions and recommendations based on personal observations and discussions with personnel who were involved with the work.
A general arrangement sketch of the shell and lids is shown in Figure
Introduction
The weld between the top plate of the shield lid assembly and the cask
shell of the first dry storage cask (Cask No. 01) which was loaded at

this site was discovered to have a crack in the heat-affected zone
(HAZ) of the shell side of the joint in December of 1996. The crack
extended from the shim plate below the lid to just above the lid, providing a leak path for helium during the mass spectrometer leak test.
The crack was evident on liquid penetrant examination. The condition
was successfully repaired by grinding out about 6 inches of weld length
and rewelding. The crack was located in the general area of the HAZ
of the shell plate, although it was first discovered in the cover pass
weld metal.
The second cask that was loaded at this site was welded without
recurrence of cracking.
On or about March 26, 1997, the third cask (Cask No 05) lid was
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welded to the shell and discovered to have a crack between the inner
lid and the shell in the shell side HAZ after welding of the root passes.
Cracking was discovered by liquid penetrant examination.

Observations
The joint design is a partial penetration groove weld between the cask
shell (1 inch thick, SA516-70) and the top plate of the shield lid assembly (2-1/2 inch thick SA516-70). The joint forms a tee geometry as
shown in Figure 1. Shim plates which vary in thickness from 1/8 to
1/4 inch are used to close the gap between the lid and the shell and

provide backing to support weld metal during welding.
The cask was assembled as follows:
* The shell was power wire brushed and/or ground to bright metal
where the lid was to be welded to the shell. The lid weld bevel
area and the shim stock materials were similarly cleaned. Any
Deoxaluminite (a weldable corrosion protection paint) was
abrasively removed by this process.

* The cask was lowered into the fuel pool and loaded with fuel
* The shield lid assembly was lowered into the cask on top of the
fuel.
* The cask, fuel and shield lid were removed from the fuel pool
and water was removed from the cask to approximately 3 inches
below the shield lid.
* Shim plate segments approximately 24 inches long of appropriate
thicknesses to fill the gap were inserted into the space between
the shield lid, top plate and the shell and tack welded in place. It
was originally reported that tack welds had been made by alternately tacking the shim plate to the shell then the shim plate to
the lid. It was later determined that the shims were welded at
the ends of each shim using tack welds 1 to 1-1/2 inches long that
bridged the shell, shim and lid for a total of 8 tacks. Approximately 16 tack welds of similar size were made on alternating
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sides of each shim. All tack welds were ground and feathered.

The shim plates were welded to the shell completely around the
inside of the cask in one pass, then the lid was welded to the shim
plate and first weld pass. See Figure 3. Welding normally began
within a few hours of tacking the shims in place.
Each cask contains fuel which keeps it slightly warm. The casks also
contain water to within about 3 inches of the lid inner surface. The
vent line of the cask is connected to a vacuum pump after the lid is
installed and dewatered to minimize the entry of water vapors into the
area of the root of the weld, minimizing this potential source of hydrogen during welding and to remove any hydrogen gas that might be
evolved during installation of the lid.
The first cask (Cask No. 01) was not preheated prior to or during
welding. The crack was initially thought to have started at the "start"
of the weld passes and progressed in the direction of welding; subsequent discussion indicated that the crack was located about 17 inches
from where the cover pass "start" points are located. There is no data
that indicates where the root passes were started, except that they are
known to have been started somewhere near where the crack occurred.
The second cask (Cask No. 03) was preheated using multiple passes of
large oxyfuel rosebud prior to welding. The preheat temperature was
not measured or recorded. It was noted that this cask contained a
thermal load from the fuel that was greater than the load in the other
two casks (10.6 KW vs. 4.2 and 5.1 KW). This resulted in the second
cask being noticeably warmer to those around it than the other two
casks. There were no cracks in Cask No. 03.
The third cask (Cask No. 05) was preheated to a lower temperature
than Cask No. 03 (a large brazing tip was used directly ahead of the
welding carriage rather than a rosebud broadly applied). Again, no
measurement of temperature was made, the objective being to simply
ensure that the surfaces to be welded were dry.
All the welding of the lids to the shells was done using machine
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GMAW with flux cored wire. The first weld pass was made between
the backing shims and the shell. This weld was made so the vertical
leg was taller than the horizontal leg was wide. The second pass tied
the shell and the lid together. See Figure 3. After the root passes were
completed, they were liquid penetrant examined. Cracking was found
in the third cask by liquid penetrant examination of the root passes.
All the welds were made in continuous passes, i.e., the weld was made
by machine without interruption for 360 degrees around the cask.
Cracking of cask number 05 was in the immediate area of the start
location of the weld passes, beginning at the" start" and progressing in
the direction of welding. Cracking of cask number 01 was in the
general area of the start location of the weld passes as best anyone can
recall, but there is insufficient data to be sure where the second pass of
the root weld "started."
The HAZ of cask 05 was found by liquid penetrant examination to be
cracked after the root passes were completed and while the cask was
still warm from welding. The crack was present immediately after
welding of the root was completed -- there was no delay. The crack
was located in the cask shell, and appears to have begun at the location
that the weld bead started and progressed in the direction of welding.
The repair cavity was 18 inches long and a maximum of 1/4 inch deep
into the cask shell thickness. Complete removal of the crack was
verified by liquid penetrant examination.
The mill test report for the shell indicated that the actual carbon
content was 0.22% and that the carbon equivalent was calculated
using the Ito and Bessyo (1968) formula:
CE = C + Si/30 + (Mn + Cu + Cr)/20 + Ni/60 + Mo/5 + 5B
The carbon equivalent was found to be 0.30%. Using recent work by
Lorenz-Dtiren (1981):
CE = C + Mn/16 + Si/23 + Ni/34 + Cr/11 + Cu/19 + Mo/12 + V/6
which has the best correlation with cold cracking tendencies of material based on cooling from 800 to 500TC in six seconds, the carbon
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equivalent is 0.33%r.
The sulfur content was noted to be 0.017%, which is within the specification of 0.025%, but somewhat high.
Hardness measurements were made by Radian International using an
EquotipTm hardness tester. This harness tester is an all-position device
that makes an impression that is visible to the naked eye, but not one
nearly as large as that made by a Rockwell B penetrator. The weld
metal was found to be HRB 92, the lid HAZ HRB 76, the shell base
metal HRB 78 and the shield lid base metal HRB 76. Radian was
unable to obtain hardness values in the HAZ of the shell due to geometry.

Radian also prepared several replica specimens after polishing and
etching the flaw cavity. Due to the complex geometry of the cavity,
little information was gained except that the weld metal and the base
metal or the HAZ microstructure was found to be free of fissures. (As
of this date, Radian could not tell from the replicas whether the replica
represented base metal or HAZ.)
It was noted that the joint geometry does not lend itself to UT or RT
for the cracking that has been observed. This is due to the materials
surrounding the outside of the cask at the weld joints and the geometry of the weld joints themselves.
Discussion and Analysis

When the third cask to be welded cracked at the location of the start of
the weld passes, the dominant mechanism for cracking was immediately evident -- shrinkage stress during welding resulted in "pulling"

of the lid or distortion of the shell asymmetrically as the weld progressed around the groove. See Figure 2. The result was that all the
strain had to be absorbed by the small root weld itself, and the strain
concentrated at the "start" point. Although there were tack welds
holding the lid directly to the shell, there were not many, and this
allowed relative movement of the shell and lid. No tack welds were
observed to have cracked.
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Since the weld metal has a significantly higher yield strength than the
base metal, and since the effective throat thickness of the weld is

greater at the lid side than at the shell side, all the strain was absorbed
by the shell side HAZ in the immediate area of the "start." This
resulted in tensile overload beginng at the "start" point of welding.
D~ue to the geometry of a partial-penetration joint, the stress intensity
is greatest at the root of the weld between the shim plate and the shell,
tearing the joint apart through the weakest material -- the HAZ. See

Figure 3.
The key observation which indicated that weld shrinkage was responsible for crack formation is that the crack ran from the "start" point in
the direction of welding with almost no cracking evident in the opposite direction from the "start.". Also, no cracking was found in any
other part of the weld.
It should be noted that the load that caused this cracking is perpendicular to the cask shell surface. See Figure 3. Because the load and
resulting stress is perpendicular to the shell surface, the load cannot
cause the shell to crack or tear through the wall. Cracks grow in a
direction perpendicular to the direction of the stress. The load is
simply oriented in the wrong direction for cracking to propagate
through the wall of the cask. Furthermore, this load is displacement
limited -- a very small amount of plastic strain in either the lid or the

shell will result in a large reduction in the stress.
Cracking of this cask was not typical of cracking due to hydrogen.
Cracking of the Cask No. 05 occurred immediately after (within 15
minutes of) completion of welding of the second pass of the root -while the joint was still hot. This is not characteristic of hydrogen
cracking, also known as "delayed" or "cold" cracking; hydrogen
related cracking occurs several hours to a day or two after welding is
completed and after the weld has cooled down.
The Radian photomicrographs did not reveal any evidence of fissures
in the weldment, indicating that hydrogen was not a major contributor to this cracking. Also, the carbon equivalent is not high enough for
hydrogen to be a significant concern in multi-pass welding provided
low-hydrogen practices are followed. Finally, the HAZ hardness
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measurements did not show any HAZ hardening.

Hydrogen cracking is recognized as unlikely when the hardness of the
heat-affected zone is less than 300 Vickers (HRC 30)1; the hardness of
the HAZ, as measured by Radian, is approximately 160 Vickers.
Further work should be done using the mock-ups or material of
comparable carbon equivalent to determine the expected hardness of
the HAZ using more conventional laboratory techniques.
It is recognized, however, that hydrogen does contribute to weld
cracking problems, and that the classic approach to reducing hydrogen effects is to preheat. Preheating ensures that any surface moisture is driven off, slows down the cooling rate during welding and
promotes more uniform cooling of the weld during welding and after
welding is completed.
The optimum way to preheat these welds is by resistance or infrared
heaters or other non-open flame method, since use of a heating torch
can actually introduce moisture into a joint through condensation of
combustion byproducts -- at least until the joint gets hot enough to

vaporize any moisture. It is suggested that the shell and lid be heated
to 150'F if the method of heating is other than open flame. If heat can
only be applied to one side of the joint, such as the lid, the joint should
be allowed to soak at 150'F minimum for at least one hour. When
using an open-flame torch, the metal should be heated to 250'F
minimum when measured no sooner than 30 seconds after the flame
is removed from the surface to ensure adequate soaking of the heat
into the parts. An added benefit to using resistance heating is that the
heating pads can be placed uniformly around the joint, resulting in
uniform heating. If the casks are uniformly heated prior to welding,
they will cool more uniformly, reducing the stresses that occur due to
nonuniform cooling.
Another minor contributing mechanism may have been lamellar
tearing. Lamellar tearing is typically limited to heavy welds between
members that are thick and joined in a "tee" geometry. The shield lid
and shell certainly qualify, although the shield lid weld size is very
I Weldability of Steels, Stout and Doty, Second edition, page 188
Page 7 of 10

Arkansas Nuclear One. April 3. 1997

small for lamellar tearing to be expected to occur. If lamellar tearing
is going to occur, one would have expected it on the structural lid,
since it is thicker, the weld size is much larger than that of the shield
lid, and the end of the shell plate is visible after welding. One might
observe that the structural lid, as shown in Figure 1, is not as rigidly
restrained as the shield lid due to shell geometry, but the weld is much
larger, which means that the cumulative shrinkage forces that cause
lamellar tearing are greater.
A review of the mill test reports shows that the sulfur content of the
shell material, although well below the maximum of 0.025%, was high
enough (0.017%) to be of concern if the material was going to be
subjected to working tensile loads through the thickness of the shell;
however, the only load through the shell is that which occurs during
and immediately after welding (due to thermal shrinkage), so once the
both lids have been successfully welded to the shell, lamellar tearing
will not be a factor in the integrity of the cask. It should also be noted
that welding of the structural lid causes the shell to shrink slightly in
diameter and, although that shrinkage occurs mostly above the shield
lid, its effects may well extend down to the shield lid, causing the shield
lid weld to compress slightly.
Recommendations for Repairs of Cask Number 05
During the writer's visit on March 27 and 28, the remaining crack on
Cask No. 05 was ground out. The root pass of the shield lid was welded
while maintaining a preheat higher than 150TF. After welding the
root pass, the entire weld was liquid penetrant examined and found
acceptable. Passes 3 and 4 were made, completing the weld. The seal
lid was then hydrostatically tested, helium mass spectrometer tested,
and the weld liquid penetrant examined. All tests and examinations
were acceptable.
On or about March 30, the structural lid was preheated to 150'F
using resistance heaters. The first root pass was made continuously
around the vessel and the second root pass was welded on alternate
sides in eight segments; no relevant indications were found during
liquid penetrant examination of the root weld. The weld was completed and found acceptable by liquid penetrant testing after reaching
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ambient temperature.

Recommendations for Future Work
The key to precluding cracking in future casks as occurred in Cask
No. 05 is to control shrinkage during welding; this will spread out the
shrinkage loads to a larger section of weld that is capable of absorbing
the load without cracking. This can be done by welding the first pass
of the root continuously around the shell followed by welding of the
second pass of the root for short lengths (8 to 12 inches) on opposite
sides of the lid. See Figure 4. This will keep the lid from moving in
one direction only, thereby eliminating concentration of strain at a
single point. Alternating weld locations should continue until about
one-half of the total weld length is completed, at which point any
remaining gaps in the root pass may be welded continuously, but
welding should still be done in an opposing side sequence. Again, see
Figure 4. This sequence of opposite-side welding may be done on the
fill passes if a more conservative approach is desired; if done, the
length of the weld segments may be increased to about double the
above recommended length. Another equally acceptable approach to
controlling weld shrinkage forces is to increase the number of tack
welds so that approximately one-fourth of the weld length is welded. If
tack welding is used, the tack welds should be made using alternatingside sequencing as described above.
Preheating the lid and shell is recommended as another extra measure of conservatism. Use of stationary, non-open flame heating
methods are preferred for this purpose since they will result in more
.uniform heating of the cask and ensure that no condensation of
combustion products are present in the root area.
When using resistance heating or other stationary non-open flame
heating methods, a sufficient number of units should be used so that
the entire length of the joint can be heated at one time in a reasonably
uniform manner. Heat the lid and shell to 150TF minimum and soak
for at least one hour. If heat can only be applied to one side of the joint,
such as the lid, the temperature should be measured on the other
member, such as the shell. Use of an open flame torch is acceptable to
heat the parts to temperature but should not be used during soaking
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time.
When using an open-flame torch, the parts should be heated to 250TF
minimum when measured after waiting for 30 seconds after the
flame is removed from the surface; this will ensure that the heat has
penetrated adequately into the parts. Measurement should be done on
the lid groove bevel surface and on the shell in the groove since those
surfaces are the most difficult to heat adequately in this geometry.
Once the required temperature as described above is achieved, a
preheat of 150'F should be maintained during welding.
The heating, preheat and welding techniques described above should
also be applied to installation of the structural lids.
Conclusions
The cracking of the joint between the shell and the lid of the dry fuel
storage cask number 05 at Arkansas Nuclear One was primarily the
result of weld shrinkage. The load caused by weld shrinkage was
concentrated at the "start" of the weld bead, resulting in simple tensile
overload of the root pass weldnment followed by cracking through the
weaker heat-affected zone. This problem can be eliminated by proper
sequencing of welding when making the root pass weld or by increasing the number of tack welds that tie the lid and shell together.
Additional conservatism can be added to the welding process by preheating.
Please call if you would like to discuss this matter further.
Very truly yours,

Walter J. Sperko, P.E.
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Figure 2
Lid Movement during Weldin
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On-site Examination
Shell-to-Lid Seal Weld
Multiassembly Seal Basket #5
Arkansas Nuclear One
Russellville, Arkansas
Introduction
On 27 March 1997, Radian personnel visited Arkansas Nuclear One in Russellville,
Arkansas, to examine a cracked wveld on the No. 5 multiassembly seal basket (MSB). The
cracked weld connected the shield lid to the basket shell. Reportedly, the crack was discovered
after two adjacent weld passes had been applied. The first pass welded the shell to a shim, and
the second pass welded the first pass to the shield lid. The majority of the crack had been ground
out prior to our visit. Radian was asked to visually examine the cracking, perform in-place
metallography/replication, and measure the metal hardness in the vicinity of the excavation.

Conclusions
The observed cracking does not appear to be due to hydrogen damage.
The weld metal on the South end of the excavated region contained a single crack
which was primarily intergranular.
-

The crack appeared to be near the root of the weld, i.e., near the shim/shell gap.

-

No interdendritic fissuring or microcracks were observed adjacent to the crack in
the weld.

The fine-grained and coarser-grained HAZ did not exhibit any hydrogen fissuring or
other evidence of hydrogen damage.
The crack on the North end of the excavation appears to be a single crack.
-

The crack appeared to have initiated at the root of the weld from the gap between
the shim and the MSB shell.

-

The initial propagation of the crack may have extended through weld metal at the
root of the weld.
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-

The latter portion of the crack appeared to have propagated through the HAZ on
the shell side of the weld.

-

The crack on the South end of the excavation also emanated from the shim/shell
gap.

Examination Procedures and Results
The crack in the shell-to-lid seal weld was excavated prior to our on-site examination.
The excavated region was visually examined and photographed (Figure 1). Figure 2 shows the
North and South ends of the excavation after they were dye penetrant tested. The dye penetrant
test was performed prior to our entry into the area. A faint linear indication was observed
extending from the gap between the shim and the shell on the South end.
Both ends of the excavation were ground, polished, and etched using field metallographic
techniques. Due to geometry constraints, both areas had to be prepared by hand. The excavated
channel on the North end was too narrow to allow replication; however, the surface was still
ground and polished to provide a better view of the crack. Replicas were taken from the South
end of the excavated region and subsequently examined, using a metallurgical microscope, for
microstructural evaluation. Figure 3 shows the South end of the excavation. The two parallel
lines within the excavated region are gaps between the lid and shim and between the shim and
the shell. Close-up views of the ends of these gaps are shown in Figure 4. The crack at the South
end appeared to have been removed by the grinding and polishing performed to prepare the
surface for replication.
Figure 5 shows close-up views of the North end of the excavation after the surface was
ground and polished. The crack emanating from the outer gap is clearly visible. Although it is
not possible to determine if the initial portion of the crack is in the weld metal or heat affected
zone (HAZ), the end of the crack has propagated through the HAZ.
Examination of the replicas from the South end revealed a single crack located in the
weld metal in the general vicinity of the faint dye penetrant indication (Figures 6 and 7). This
crack was located in weld metal at the weld root. It may be a remnant of the crack that initiated
at the shim/shell gap. The crack may have initially propagated through the weld metal and
subsequently grew into the HAZ. The crack continued to propagate through the HAZ until it
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reached the surface. No microcracks or grain boundary separation was observed a4jacent to the
crack. Figures 8 through 10 show the typical weld microstructure observed on the South end of
the excavation. The weld exhibited the typical columnar dendritic structure. No other cracking or
interdendritic fissuring was observed in the weld.
Figure 11 shows the typical microstructure observed in the fine-grained HAZ. The
microstructure consisted of a mixture of pearlite and ferrite grains. No evidence of hydrogen
damage was observed. Figures 12 and 13 show the typical microstructure observed in the
coarser-grained HAZ (further from the weld). The microstructure consisted of a mixture of
pearlite and ferrite grains. No grain boundary fissuring or other evidence of hydrogen damage
was observed.
Subsequent to replication, the metal hardness was measured with an EquotipTM portable
hardness tester (impact type), and the hardness values were subsequently converted to the
Rockwell B (HRB) scale. The metal hardnesses of the various areas are presented in the
following table:

[

-

ardness,HRB

Average, HiRB

91.8, 92.5, 93.0

92.4

76.1, 76.6

76.4

76.9

76.9

inch from fusion line on vertical shell

74.7, 78.3, 79.8, 79.8

78.2

HAZ - beyond south end of excavation on
shield lid

73.5, 75.0, 76.9

75.1

Location.

Weld - beyond north end of excavation
inch from fusion line, beyond north end
of excavation on shield lid
1/4

HAZ, north end of excavation on shield lid
_

3/8

Discussion
The observed cracking does not appear to be due to hydrogen damage. The weld metal on
the South end of the excavated region contained a single crack which was primarily
intergranular. No interdendritic fissuring or microcracks were observed adjacent to the crack in
the weld.
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No evidence of hydrogen damage was observed in either the fine-grained or the coarsergrained HAZ.
The crack on the North end of the excavation appears to be a single crack. The crack
appears to have initiated at the root of the weld from the gap between the shim and the MSB
shell. The crack also appears to have propagated through the HAZ on the shell side of the weld.
The crack on the South end of the excavation also emanated from the shim/shell gap.
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Figure 3. Photograph showing the South end of the excavation. The two parallel
lines (arrowed) within the excavated region are gaps between the lid and
shim and between the shim and the shell.
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Figure 4. Photographs showing close-up views of the South end of the excavation after the surface was ground
and polished. No evidence of cracking was observed.
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Figure 6. Photomicrographic montage showing a crack observed in the weld on the
South end of the excavation. The crack was located near the root of the
weld and appears to be primarily intergranular. This crack may be the
remnant of the crack shown in Figure 2. bottom.
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Figure 7. Photomicrographs showing the higher magnification views of the crack
observed in the weld on the South end of the excavation. No microcracks
or interdendritic fissuring was observed adjacent to the crack.
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Figure 8. Photomicrographs showing the typical weld microstructure observed on
the South end of the excavation. The weld exhibited the typical columnar
structure. Besides the single crack, no other microcracks or fissuring was
observed.
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Figure 9. Photomicrographs showing the typical weld microstructure observed on
the South end.

;2AD~flNq
-

-

-

''rfl

,-tt

*

---

'4

---

-'->'----:--

4.ct.-.O'.

-

--

At.

-'---*

4

4$'

AA(..4-

----A--A
-

--'----r-'A.

-

A-

-

.-. t.-.-.,

-x

'

*

,

*

-;.---

.7

'&'fl

-

.,;fl

-

''''

A'-

St-'

-

A*A

A;4,{
--

,:4-v.

--zzj.c>

E .chanr-

\i-<,

e.
. iX

;

A--. --

- -

tM%*r-

&J

a

*

-.

-

;~*

/

tu;cr

'-"~

-

.t&.mrawn

rS-~-

t-

.44'4- -

4-

--'.--

t'At?-

>~t

A

e
*4---.'/

*-

U'

--. 4

-.

*

*'

,

- .-.

a--

\'

-,

-t

.

-----

ar,
n

-it
\1;
_1 aWni

Ct

,^

->

.fl

-

-;%.r

,

C

A-.

Nfacnification:
Etchant: Nital

00N

&4

-it~~

A

-f-

-.

' .

¢s;>f,>

NMagnification: I OOOX
Etchant: Nital

--- irC4X

i

-$

/

.C

+'~- v- trt

';"'Y

r:S,.V

:..etwtir

ry

--

e

ts4

'\.~

*

V'.t>>;~:^~n

-I.*L

:

the weld
Figure 10. Photomicrographs showing higher magnification views of
microstructure.
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Figure 11. Photomicrographs showing the typical microstructure observed in
the
fine-grained HAZ. The microstructure consisted of a mixture of pearlite
and ferrite grains. No evidence of hydrogen damage was observed.
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Figure 12. Photomicrographs showing the typical microstructure observed in the
coarser-grained HAZ. The microstructure consisted of a mixture of
pearlite and ferrite grains. No evidence of hydrogen damage was
observed.
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Figure 13. Photomicrographs showing higher magnification views of the coarsergrained HAZ. No grain boundary fissuring was observed.

ATTACHMENT 5: PHOTO OF CASK AMSB-OO1 DYE PENETRANT INDICATIONS
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Photo of the weld flaw found during loading of cask AMSB-001.
The picture shows the dye penetrant examination results.

