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A.7 PACKAGE OPERATIONS

NOTE: References in this chapter are shown as [1], [2], etc., and refer to the reference list in
Section A.7.5. A glossary of terms used in this chapter is provided in Section A.7.6.

- This chapter contains NUHOMS®-MP197HB cask loading and unloading procedures that are
intended to show the general approach to cask operational activities. The procedures in this
chapter are intended to show the types of operations that will be performed and are not intended
to be limiting. Site specific conditions and requirements may require the use of different
equipment and ordering of steps to accomplish the same objectives or acceptance criteria which
must be met to ensure the integrity of the package.

A separate operations manual (OM) will be prepared for the NUHOMS®-MP197HB cask to
describe the operational steps in greater detail. The OM, along with the information in this
chapter, will be used to prepare the site-specific procedures that will address the particular
operational considerations related to the cask.

A.7.1 NUHOMS®-MP197HB Package Loading

The use of the NUHOMS®-MP197HB cask to transport fuel offsite involves (1) preparation of
the cask for use, (2) verification that the fuel assemblies loaded in the dry shielded canister
(DSC) meet the criteria set forth in this document, and (3) installation of a DSC into the cask.

Also included herein are procedures to prepare and load fuel in an empty DSC contained in a
NUHOMS®-MP197HB cask and to close the DSC.

The use of the NUHOMS®-MP197HB cask to transport dry irradiated and/or contaminated non-
fuel bearing solid materials in radioactive waste canisters (RWCs) involves (1) preparation of the
cask for use, (2) verification that the waste to be loaded meet the criteria set forth in this
document, and (3) loading of the RWC and waste into the cask.

Offsite transport involves (1) preparation of the cask for transport, (2) assembly verification
leakage-rate testing of the packaging containment boundary, (3) placement of the cask onto a
transportation vehicle, and (4) installation of the impact limiters.

During shipment, the packaging contains any one of the DSCs with its authorized contents as
described in Chapter A.1, Appendices A.1.4.1 through A.1.4.9 or an RWC with dry irradiated
and/or contaminated non-fuel bearing solid material as described in Appendix A.1.4.9A.
Procedures are provided in this section for (1) transport of the cask/DSC/RWC directly from the
plant spent fuel pool and (2) transport of a DSC/RWC which was previously stored in a :
NUHOMS® horizontal storage module (HSM). Section A.7.7 contains an appendix for each DSC
model detailing its loading procedures. Table A.7-3 lists these appendices.

A.7.1.1 NUHOMS®-MP197HB Cask Preparation for Loading

Procedures for preparing the cask for use after receipt at the loading site are provided in this
section and are applicable for shipment of DSCs loaded with fuel or of RWCs loaded with dry
irradiated and/or contaminated non-fuel bearing solid materials.
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Remove the impact limiters from the cask.
Prior to removing the lid, sample the cask cavity atmosphere.
Remove the transportation skid personnel barrier and tie down assembly.

Take contamination smears on the outside surfaces of the cask. If necessary,
decontaminate the cask.

O-ring seals shall be discarded after each use.

Install the front and rear trunnions, if required. Install the trunnion bolts and torque them
to 1000-1100 fi-1bs following the torquing sequence shown in Figure A.7-1.

Lift the cask and place it on the onsite transfer trailer or upending frame, or lift the
cask/transport skid and place them in the appropriate location.

NOT USED.
NOT USED.

If transporting any of the smaller diameter DSC models (NUHOMS®-24PT4, 32PT,
24PTH, 61BT, or 61BTH) or an RWC, verify that the MP197HB cask has been fitted
with an internal aluminum sleeve (Refer to Drawing MP197HB-71-1014 provided in
Chapter A.1, Appendix A.1.4.10.1). This step, if required, can be performed at any time
prior to placing the DSC or RWC in the cask.

If transporting a NUHOMS®-69BTH DSC with heat load greater than 26 kW, verify that
the removable external aluminum fins are available to be fitted to the cask after the cask
is closed (Refer to Drawing MP197HB-71-1011 provided in Appendix A.1.4.10.1). Note
that fins are not required.-to meet the 10 CFR 71 requirements and are optional.

For a specific DSC model to be loaded inside the MP197HB cask, verify the
canister/basket type (A, B, C, D or E as applicable) is appropriate for the fuel to be
transported. '

The candidate intact, damaged and failed fuel assemblies to be transported in a specific
DSC model must be evaluated (by plant records or other means) to verify that they meet
the criteria of the applicable fuel specification as listed in Table A.7-2.

For the transportation of fuel within the NUHOMS®-32PT, 24PTH, 32PTH, 32PTHI, or
37PTH DSCs where burnup credit is employed for criticality safety, additional
administrative controls to prevent misloading are also outlined in the applicable
appendices of this chapter.

NUHOMS®-MP197HB Cask Wet Loading

NOTE: The wet loading procedure described in this section is applicable only when using the
MP197HB cask for loading fuel from a spent fuel pool into any one of the DSCs listed in
Chapter A.1 or for loading irradiated waste into a RWC. This section also provides steps for
closure of the DSC/RWC.

Site specific conditions and requirements may require the use of different equipment and
ordering of steps than those described below to accomplish the same objectives or acceptance
criteria which must be met to ensure the integrity of the package.
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1. Prior to being placed in service, the cask is to be cleaned or decontaminated as necessary.
2. NOT USED.
3. Remove the ram access closure plate, inspect the sealing surfaces, replace the old seals

with new seals, lubricate and re-install the ram access closure plate.
4. NOT USED. |

Engage the cask front trunnions with the lifting yoke using the plant crane, rotate the cask
to a vertical orientation, lift the cask from the onsite transfer skid, and place the cask in
the plant designated preparation area.

6. Install the shear key plug assembly. |

7. If the cask lid has not already been removed, remove the bolts from the cask lid and lift
the lid from the cask.

8. Discard the used lid O-rings.
9. NOT USED.

10.  Ifloading any one of the smaller diameter DSC models NUHOMS®-24PT4, 32PT,
24PTH, 61BT, or 61BTH) or RWCs from the MP197HB cask, install an unloading
flange. Depending on the DSC model being loaded, verify that a DSC bottom spacer of |
appropriate height is placed at the bottom of the cask. The height of the DSC bottom
spacer required for each type of DSC is listed in Table A.7-1.

11.  Place an empty DSC in the cask. |

12.  If damaged fuel is to be loaded in the DSC, place the required number of bottom end caps
' into the cell locations that are to receive damaged fuel. For the NUHOMS®-24PT4 DSC
only, verify that the failed fuel cans, required for loading damaged fuel assemblies if
used, have replaced the guide sleeves at the locations specified for the specific
configurations of the 24PT4 DSC basket.

13.  If failed fuel is to be loaded in the DSC (24PTH or 61BTH DSCs only), put the
appropriate empty failed fuel cans in the appropriate locations.

13a.  If fuel and basket spacers are required, the height of the fuel and basket spacers required
for each type of DSC is listed in Table A.7-1.

14. Fill the cask/DSC annulus with water. Install the annulus seal.

15. Fill the DSC cavity with water. For the NUHOMS®-32PT, 24PTH, 32PTH, 32PTHI, and
37PTH DSCs, a minimum soluble boron concentration is required during loading and
unloading operations.

16.  NOT USED.
17.  NOT USED.
18.  NOT USED.
19.  NOT USED.
20.  NOT USED.
21.  NOT USED.
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A.7.12.1 DSC/RWC Wet Loading

The procedures for loading, vacuum drying, and sealing the DSC/RWC are described in detail in
Appendices A.7.7.1 through A.7.7.10 as listed in Table A.7-3.

| Following the completion of the wet loading activities described in a specific appendix listed in

| Table A.7-3, the MP197HB cask is prepared for downending as described in the next section.

A.7.122  Preparing the NUHOMS®-MP197HB Cask for Downending

1. Discard and install new drain port seals.

2. If transporting any one of the smaller diameter DSC models (NUHOMS®-24PT4, 32PT,
24PTH, 61BT, or 61BTH) or RWC, place a cask spacer ring at the top of the aluminum
sleeve as shown in Drawing MP197HB-71-1014, Chapter A.1, Appendix A.1.4.10.1.

Verify that the lid O-ring seals are new.
4. NOT USED.
Install shims, if required.

Sa. Install the DSC top spacer if required. The appropriate height of the DSC top spacer
required for each type of DSC is listed in Table A.7-1.

6. Install the cask lid. Follow the torquing sequence shown in Figure A.7-1. Torque to
between 950 and 1040 fi-1bs.
7. Install new cask vent port seals.

Install new cask test port seals.

9. Evacuate the cavity between the cask and the DSC and backfill with helium.

10.  Perform the assembly verification leakage test following the procedure given in Section
A74.1.

A.7.123 NUHOMS®-MP197HB Cask Downending
NOTE: Alternate procedures may be developed for plants with unique requirements.

Remove the shear key plug assembly from the cask.

Lift the cask over the onsite transfer skid on the transfer trailer.

NOT USED.

Position the cask rear trunnions onto the onsite transfer skid pillow blocks.
Downend the cask and secure it to the skid.

NOT USED.

NOT USED.

NOT USED.

Prepare the cask for transportation in accordance with the procedure described in Section
A.7.14.

Xoee Sl oo h e e
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A7.13 NUHOMS®-MP197HB Cask Dry Loading (Transferring a Loaded DSC or RWC
from an Overpack into an MP197HB Cask)

A number of NUHOMS® DSCs are currently being used for onsite storage of spent fuel inside
the NUHOMS® horizontal storage modules (HSMs) or the advanced horizontal storage modules
(AHSMs) under the provisions of 10 CFR 72.

This section summarizes the steps for transferring a previously loaded DSC under a 10 CFR 72
license from the HSM or AHSM (generally referred here as HSM) to the MP197HB cask for
transportation. Depending on the most recent use of the cask, several of the initial steps listed
below may not be necessary.

An RWC may be stored in an HSM, AHSM or other allowed overpack on the plant site. When
the MP197HB cask is dry loaded with an RWC, operational steps similar to dry loading a DSC
from an HSM into the MP197HB cask should be used depending on the storage overpack.

CAUTION:
Before initiating any steps described in this section:

e For the DSCs that are already in dry storage under the requirements of 10 CFR 72, the
licensee shall review the loading records to ensure that the DSC was not damaged during
the insertion or extraction process and that if necessary, appropriate evaluations were
performed to verify the integrity of the DSC shell.

o Ifthe storage license of a DSC has been extended beyond the initial licensed term of 20
years, the licensee shall verify that an appropriate time-limited aging analysis (TLAA)
has been performed and an aging management program has been implemented to assure
that the DSC, basket, and its contents are within the analyzed conditions. The TLAA
should consider the effect of fatigue, radiation, depletion of neutron absorbing material,
and environmental conditions including internal temperature and pressures. The aging
management program should consider use of periodic in-service inspections of accessible
canister surfaces to monitor for adverse indications along with radiation and
contamination monitoring.

e The licensee shall perform an audit of spent fuel pool records from the time of canister
loading for the identification of the loaded fuel assemblies, and

e The licensee shall compare the irradiation parameters of the loaded contents against those
shown in Table A.6-17 to ensure compliance with the isotopic depletion analysis.

1. Verify that the contents are in compliance with the fuel specification requirements or
waste requirements in the Certificate of Compliance (CoC). An independent check of this
verification is also required. :

2. Verify that the prerequisites for the preparation of the NUHOMS®-MP197HB cask for |
transport in Section A.7.1.1 have been met.

3. If loading any one of the smaller diameter DSC models NUHOMS®-24PT4, 32PT,
24PTH, 61BT, or 61BTH) in the NUHOMS®-MP197HB cask, install an unloading
flange. Verify that a DSC bottom spacer of appropriate height is placed at the bottom of |
-the cask. The height of the DSC bottom spacer required for each type of DSC is listed in
Table A.7-1.
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Remove the ram access closure plate and the lid.

NOT USED.

Bring the onsite transfer trailer and the NUHOMS® MP197HB cask to the ISFSI site.
Remove the HSM door and the DSC seismic restraint assembly from the HSM.

NOT USED.

Align and dock the cask with the HSM.

10. Install the cask/HSM restraints.

xR NS0 oe

11.  Align the hydraulic ram cylinder in the ram trunnion support assembly.

12.  Extend the ram hydraulic cylinder and engage the grapple ring.

13.  NOT USED.

14.  Retract the ram hydraulic cylinder until the DSC is fully retracted into the cask.
15. NOT USED. '

16.  Remove the hydraulic ram and ram trunnion support assembly.

17.  Install the cask ram closure plate following the torquing sequence shown in Figure A.7-1.
18.  Remove the cask/HSM restraints. |

19.  Move the cask to the transfer position.

20.  NOT USED.

21. - NOT USED.

22.  Iftransporting any one of the smaller diameter DSC models NUHOMS®-24PT4, 32PT,
24PTH, 61BT, or 61BTH), place a cask spacer ring at the top of the aluminum sleeve as
shown in Drawing MP197HB-71-1014, Chapter A.1, Appendix A.1.4.10.1.

23.  Install shims, if required.
23a. Install the DSC top spacer as specified in Table A.7-1.

24.  Install the cask lid following the torquing sequence shown in Figure A.7-1. Torque to
between 950 and 1040 ft-1bs.

25.  NOT USED.
26.  Install new cask test port seals.

217. Evacuate the cavity between the cask and the DSC and backfill with helium.
28.  Remove the shear key plug assembly from the cask.

29.  Perform the assembly verification leakage test following the procedure given in Section
A74.1.

30.  Prepare the cask for transportation in accordance with the procedure described in Section
A7.1.4.
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A.7.1.4 NUHOMS®-MP197HB Cask Preparation for Transport

Once the NUHOMS®-MP197HB cask has been loaded using either the wet loading procedure
described in Section A.7.1.2 or the dry loading procedure described in Section A.7.1.3 above, the
following tasks are performed to prepare the cask for transportation. The cask is assumed to be
seated horizontally in the onsite transfer skid. Alternate procedures may be developed for plants
with unique requirements.

1. Verify that the cask surface removable contamination levels meet the requirements of 49
CFR 173.443 [2] and 10 CFR 71.87 [3].
2. Verify that the assembly verification leakage rate testing specified in Section A.7.4.1 has

been performed. This test must be performed within 12 months prior to the shipment.
A.7.1.4.1 Placing the NUHOMS®-MP197HB Cask onto the Conveyance

The procedure for placement of the cask on the conveyance is given in this section. If cask is
already on the transportation skid, rig the cask/skid, lift and place them on to the conveyance,
then skip to Step 8.

Bring the cask and onsite transfer trailer to the conveyance.
NOT USED.

NOT USED.

NOT USED.

Place the cask onto the transportation skid.

Remove the cask upper and lower trunnions and install the trunnion plugs.
NOT USED.

If necessary, install the optional external aluminum fins.

XNy -

Install the transportation skid tie-down straps.

._
e

Install the impact limiters on the cask and torque the attachment bolts in accordance with
the drawings in Chapter A.1, Appendix A.1.4.10.1.

11.  Remove the impact limiter hoist rings and replace them with hex bolts.

12.  Install the cask tamperproof seals.

13.  Install the transportation skid personnel barrier.

14.  Perform a final radiation survey to assure the cask radiation levels do not exceed 49 CFR
173.441 [2] and 10 CFR 71.47 [3] requirements.

15. Verify that the temperature on all accessible surfaces is < 185°F.

16.  Prepare the final shipping documentation and release the loaded cask for shipment.

A2 NUHOMS®-MP197HB Package Unloading

Unloading the NUHOMS®-MP197HB cask after transport involves removing the cask from the
conveyance and removing the DSC/RWC from the cask. The cask is designed to allow the
DSC/RWC to be unloaded from the cask into a NUHOMS® staging module, hot cell or other
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suitable overpack, and provisions exist to allow wet unloading into a fuel pool. The necessary
procedures for these tasks are essentially the reverse of those described in Section A.7.1.

A.72.1  Receipt of Loaded NUHOMS®-MP197HB Package from Carrier

Procedures for receiving the loaded cask after shipment are described in this section. Procedures
for receiving an empty cask are provided in Section A.7.1.1.

1. Verify that the tamperproof seals are intact.

Remove the tamperproof seals.

w

Remove the hex bolts from the impact limiters and replace them with the impact limiter
hoist rings provided.

Remove the impact limiters from the cask.
Remove the transportation skid personnel barrier and tie-down straps.

Remove the external aluminum fins, if present.

NS e

Take contamination smears on the outside surfaces of the cask. If necessary,
decontaminate the cask.

8. Install the front and rear trunnions and torque them to 1000-1100 fi-Ibs following the
torquing sequence shown in Figure A.7-1.

9. NOT USED.

10.  Lift the cask from the conveyance. Place cask onto the onsite transfer trailer or other

location. ‘
11.  NOT USED.
12. Transfer the cask to a staging module, fuel pool, dry cell or storage overpack and unload

using the procedures described in the following sections.
A.7.22  Removal of Contents from NUHOMS®-MP197HB Cask
A.722.1  Unloading the NUHOMS®-MP197HB Cask to a Suitable Overpack

The procedure for unloading a DSC/RWC from the cask into an HSM or other authorized
overpack is summarized in this section. This procedure is typical of NUHOMS® ISFSIs.
Alternate procedures may be developed for plants with unique requirements.

1. Verify that the prerequisites for the preparation of the MP197HB cask in Section A.7.1.1
have been met.

2. If the shear key plug assembly is not in place, install the shear key plug assembly.
Position the onsite transfer trailer in front of the module face.

4. Sample the cask cavity atmosphere through the vent port. Flush the cask interior gases if |
necessary.

5. Remove the cask ram closure plate. |
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NOT USED.
Remove the HSM/overpack door.
Align the cask with the HSM/overpack.

© 2 N o

Remove the cask lid.

10.  If unloading any one of the smaller diameter DSC models (NUHOMS®-24PT4, 32PT,
24PTH, 61BT, or 61BTH) or smaller RWCs from the MP197HB cask, install an
unloading flange.

11.  Dock the cask with the HSM/overpack and install the cask/HSM restraints.

12. NOT USED.

13.  Extend the ram hydraulic cylinder and engage the grapple ring.

14. NOT USED.

15.  Using the ram hydraulic cylinder move the DSC/RWC into the HSM/overpack.
16. NOT USED.

17. NOT USED.

18.  Remove the cask/HSM restraints and move the cask away from the HSM/overpack.
19.  Install the cask lid and cask ram closure plate, if required.

20.  Install the HSM/overpack door and seismic restraint, as applicable.

2. NOTUSED

22. NOTUSED

A.7222  Unloading the NUHOMS®-MP197HB Cask to a Fuel Pool

The procedure for unloading the cask and DSC/RWC to a fuel pool is summarized in this

section. Site specific conditions and requirements may require the use of different equipment and

ordering of steps than those descried below to accomplish the same objectives or acceptance
criteria which must be met to ensure the integrity of the package. Note that the NUHOMS®-
MP197HB cask or an alternate suitable cask may be used for onsite movements of the
DSC/RWC.

1. Verify that the prerequisites for the preparation of the NUHOMS®-MP197HB cask in
Section A.7.1.1 have been met.

Place the cask in the fuel receiving area.

NOT USED.

Rotate the cask to a vertical orientation and place the cask in the decon pit.

Sample the cask cavity atmosphere. Flush the cask interior gases if necessary.
Remove the lid from the cask.
NOT USED.

© N RN
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9. If the cask contains any one of the smaller diameter DSC models (NUHOMS®;24PT4,
32PT, 24PTH, 61BT, or 61BTH) or RWC, remove the cask spacer ring at the top of the
aluminum sleeve as shown in Drawing MP197HB-71-1014, Appendix A.1.4.10.1. '

10. Fill the cask/DSC or cask/RWC annulus with water and install the cask/DSC or
cask/RWC annulus seal.

After completion of the preparatory steps described above, follow the specific DSC unloading |
procedure as described in one of Appendices A.7.7.1 through A.7.7.9 as listed in Table A.7-4.

Section A.7.2.2.4 describes the procedures used for unloading of a NUHOMS®-MP197HB cask
with an RWC.

A.72.2.3  Unloading the NUHOMS®-MP197HB Cask to a Dry Cell

The procedure for handling a DSC in a dry cell is highly dependent on the design of the dry cell
and on the intended future use of the DSC. The procedure described below is intended to show
the type of operations that will be performed and is not intended to be limiting.

Tow the onsite transfer trailer to the hot cell area.

NOT USED.

Using the cask lifting yoke, place the cask in the appropriate handling area.

Sample the cask cavity atmosphere. Flush the cask interior gases if necessary.

Install the shear key plug assembly, if required.

Remove the lid from the cask.

NOT USED.

Transfer the cask to the unloading area.

o X N AW -

Remove the contents from the cask.

P
e

Decontaminate the cask as necessary.
11.  NOT USED.

A.7.2.2.4 Horizontal Unloading of an RWC from the NUHOMS®-MP197HB Cask

This procedure is for handling a NUHOMS®-MP197HB cask with an RWC at a disposal site.
The procedure described below is intended to show the type of operations that will be performed
and is not intended to be limiting.

1. NOT USED.

2. Lift the cask and transfer it onto an unloading cradle.
3. NOT USED.

4. NOT USED.

5. NOT USED.

6. Remove the lid from the cask.
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7. Install sealing surface protection, as appropriate.
8. Attach liner or waste removal tools.
9. Unload the cask contents into the disposal area. l

A.7.3  Preparation of Empty Package for Transport

Previously used and empty NUHOMS®-MP197HB casks shall be prepared for transport per the
requirements of 49 CFR 173.427 [2].

A.7.4  Other Operations
A.74.1  Leakage Testing of the Containment Boundary

The procedure for leakage testing of the cask containment boundary prior to shipment is given in
this section. Assembly verification leakage testing shall conform to the requirements of ANSI
N14.5 [1] or ISO -12807 [11]. A flow chart of the assembly verification leakage test is provided
in Figure A.7-2. The order in which the leakage tests of the various seals are performed may
vary. If more than one leakage detector is available then more than one seal may be tested at a
time. Personnel performing the leakage test shall be specifically trained in leakage testing in
accordance with SNT-TC-1A [7].

Remove the cask vent port plug.

Install the cask port tool in the cask vent port.

Open the cask vent port.

Attach a suitable vacuum pump to the cask port tool.

Reduce the cask cavity pressure to below 1.0 psia.

NOT USED.

Fill the cask cavity with helium to atmospheric pressure.

Close the vent port bolt.

bt S el SA b e e e

Remove the helium-saturated cask port tool and install a clean (helium free) cask port
tool.

10.  Connect a mass spectrometer leak detector to the cask port tool.

11.  Evacuate the vent port until the vacuum is sufficient to operate the leakage detection
equipment.
12.  Perform the leakage test. If the leakage rate is greater than 1x107 ref-cm®/s repair or

replace the vent port bolt and/or seal as required and retest.

NOTE: Upon removing the vent port bolt, it will be necessary to reduce the cask cavity
pressure below 1.0 psia and refill with helium through the vent port.

13.  Remove the leakage detection equipment.
14.  Remove the cask port tool and replace the vent port plug.
15.  Remove the lid test port plug.
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16.
17,
18.
19,
20.

21,

22
23,

24.
25
26.
217,
28.
29,

30.

31.
32,

33,
34.
33,
36,
37,

Install the cask port tool in the lid test port.

Open the lid test port.

Connect the vacuum pump to the cask port tool.
Connect the leakage detector to the cask port tool.

Evacuate the lid test port until the vacuum is sufficient to operate the leakage detection
equipment per the manufacturer's recommendations. Perform a pressure rise leakage test
to confirm leakage rate past the outer seal is less than 7x10 ref:cm’/s of air.

Perform the helium leakage test. If the leakage rate is greater than 1x10°” ref-cm’/s repair
or replace the cask lid or the cask lid O-ring seals as required and retest.

NOTE: Upon removing and reinstalling the cask lid, it will be necessary to reduce the
cask cavity pressure below 1.0 psia and refill with helium through the vent port.
The vent port assembly verification leakage test must also be retested as
described above.

Remove the leakage detection equipment.

Tighten the lid test port screw in accordance with Drawing MP197HB-71-1002 in
Chapter A.1, Appendix A.1.4.10.1. Remove the cask port tool from the lid test port and
replace the lid test port plug.

Remove the cask drain port plug.

Install the cask port tool in the cask drain port.
Verify that the cask drain port is closed.

Connect the vacuum pump to the cask port tool.
Connect the leakage detector to the cask port tool.

Evacuate the drain port until the vacuum is sufficient to operate the leakage detection
equipment.

Perform the leakage test. If the leakage rate is greater than 1x10” ref:cm’/s repair or
replace the drain port bolt and/or seal as required and retest.

NOTE: Upon removing the drain port bolt, it will be necessary to reduce the cask cavity
pressure below 1.0 psia and refill with helium through the vent port. The vent
port assembly verification test must also be retested as described above.

Remove the leakage detection equipment.

Tighten the drain port bolt in accordance with Drawing MP197HB-71-1002 in Chapter
A.1, Appendix A.1.4.10.1. Remove the cask port tool from the cask drain port and replace
the drain port plug.

Remove the bottom test port plug.

Install the cask port tool in the bottom test port.
Open the bottom test port.

Connect the vacuum pump to the cask port tool.

Connect the leakage detector to the cask port tool.
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38.  Evacuate the bottom test port until the vacuum is sufficient to operate the leakage
detection equipment. Perform a pressure rise leakage test to confirm leakage rate past the |
outer seal is less than 7x107 ref-cm’/s of air.

39.  Perform the helium leakage test. If the leakage rate is greater than 1x10°7 ref:cm’/s repair
or replace the cask ram access closure plate or the cask ram access closure plate O-ring
seals as required and retest.

NOTE: Upon removing the cask ram access closure plate, it will be necessary to reduce
the cask cavity pressure below 1.0 psia and refill with helium through the vent
port. The vent port assembly verification test must also be retested as described
above.

40.  Remove the leakage detection equipment.

41.  Tighten the bottom test port bolt in accordance with Drawing MP197HB-71-1002 in
Chapter A.1, Appendix A.1.4.10.1. Remove the cask port tool from the bottom test port
and replace the bottom test port plug.

This concludes the assembly verification leakage test procedure.
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A.7.6 Glossary
The terms used in the above procedures are defined below.

annulus seal: Seal placed between the cask and DSC/RWC during operations in the fuel pool.
cask lifting yoke: Passive, open hook lifting yoke used for vertical lifts of the cask.

cask/HSM restraints: Provides the load path between the cask and HSM during DSC transfer
operation.

conveyance: Any suitable conveyance such as a railcar, heavy haul trailer, barge, ship, etc.

horizontal storage module (HSM): Concrete shielded structure used for onsite storage of
DSCs. HSM references herein refer to all models of HSM (e.g., HSM Model 80, Model 102,
Model 152, Model 202, HSM-H, HSM-HS, AHSM, etc.) HSM also includes any other overpack
authorized to accept a DSC or RWC via a horizontal transfer.

hydraulic ram: Hydraulic cylinder used to insert/withdraw DSCs to/from HSMs.

onsite transfer skid: Skid present on the onsite transfer trailer used to support the cask during

onsite movements. Note in some cases the transportation skid may function as the onsite transfer
skid.

onsite transfer trailer: A trailer used for onsite movements of the cask.

ram trunnion support assembly: Frame attached to the skid which provides an anchor for the
hydraulic ram during DSC insertion and retrieval.

skid positioning system: Hydraulically operated alignment system that provides the interface
between the onsite transfer trailer and the onsite transfer skid. It is used to align the skid (and
cask) with the HSM prior to transfer.
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Table A.7-1
DSC, Fuel, and Basket Spacer Nominal Heights for Each Type of DSC (in.)
) 61BTH 24PTH 32PT 32PTH 32PTHI 37PTH
Canister Type | 61BT ' T T oypez | “P M s T L [sitc ] 2™ S0 [ sazs [ oo [azs | ™ | typet [ TM [ L [ s | M| ‘W€
DSC bottom
spacer 220 | 220 2.20 124 | 17| 57| n7 22 17 | 17 57 57 12.5 525 | 125 1525 [ ~nva | 1625 | 90 | 1175
height” : :
DSC top
spacer 055 | 055 0.55 055 | 055|055 | 04 03 055 | 055 | 055 | 055 0.55 055 | 055|o0s55] 03] 055 | 055 035
height®
Fuel spacer 23 @) 23 20 (3 263) (2(3) (2(3) (213 (23 23 2)6) 269 26 263) ) (20) 203 206) N/A
height®®
E::g';‘tf,f(ﬁ’,“" NA | wA | NA | NA [ Na|Nva | Nna ] oos | va| na | wa | owa | s | s s s s | o1s [ s | a

M DSC top and bottom spacers can be combined to one spacer. If one spacer is used, it can be installed either on top or bottom of the DSC.

@ Fuel spacer can be installed either on top or bottom of the fuel assembly. The height of the spacer o be determined using the formula specified in Appendix A.2.13.14, Table A.2.13.14-2 at time of
transport such that the maximum gap is below 0.5”.

® Fuel and basket spacers can be combined to one spacer.

“ Basket spacer can be installed either on top or bottom of the basket.
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Appendix A.7.7.1
NUHOMS®-24PT4 DSC Wet Loading and Unloading Procedures

NOTE: References in this appendix are shown as [1], [2], etc., and refer to the reference list in
Section A.7.7.1.5. The term DSC as used in this appendix refers to the NUHOMS®-24PT4 DSC.

A7.7.1.1 NUHOMS®-24PT4 DSC Fuel Loading

The starting condition for the following steps assumes completion of the cask preparation steps
in Section A.7.1.2.

1 Lift the cask/DSC and position it over the cask loading area of the spent fuel pool.
2 Lower the cask into the fuel pool.

3. Place the cask in the location of the fuel pool used for the cask loading area.

4

Disengage the lifting yoke from the cask lifting trunnions and move the yoke clear of the
cask.

5. The potential for fuel misloading is essentially eliminated through the implementation of
procedural and administrative controls. The controls instituted to ensure that damaged
and/or intact fuel assemblies are placed into a known cell location within a DSC will
typically consist of the following:

o A cask/DSC loading plan is developed to verify that the intact and damaged fuel
assemblies meet the burnup, enrichment, and cooling time parameters of the
applicable sections as listed in step 13 of Section A.7.1.1.

e The loading plan is independently verified and approved before the fuel load.

¢ A fuel movement schedule is then written, verified, and approved based upon the
loading plan. All fuel movements from any rack location are performed under
strict compliance with the fuel movement schedule.

¢ [Ifloading damaged fuel assemblies, verify that the required number of failed fuel
cans for the 24PT4 DSC have replaced the guide sleeves at the authorized
locations within the 24PT4 DSC basket.
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10.
11.
12.

13.
14.
15.

16.

17.
18.
19.

been fully loaded, check and record the identity and location of each fuel assembly in the
DSC.

After all the SFAs have been placed into the DSC and their identities verified, position
the lifting yoke and the top shield plug (shield plug assembly) and lower the shield plug
into the DSC. Optionally the shield plug may be installed using alternate rigging in lieu
of the yoke.

Visually verify that the top shield plug is properly seated in the DSC.
NOT USED.
Raise the cask to the pool surface using the cask trunnions and lifiing yoke.

Verify that the top shield plug is properly seated within the DSC. If not, lower the cask
and reposition the top shield plug. Repeat steps 9 through 12 as necessary.

Continue to raise the cask from the pool until the top region of the cask is accessible.
Drain any excess water from the top of the DSC shield plug.

Check the radiation levels at the center of the top shield plug and around the perimeter of
the cask.

As required for crane load limitations, drain water from the DSC. Use I to 3 psig of
helium to backfill the DSC as water is being removed from the DSC cavity.

Lift the cask from the fuel pool. As the cask is raised from the pool.
Move the cask with loaded DSC to the plant designated preparation area.

If water is removed at step 16, it may be replaced with spent fuel pool water or
equivalent.

A7.7.1.2 NUHOMS®-24PT4 DSC Drying and Backfilling

1.

Check the radiation levels around the perimeter of the cask. The cask exterior surface
should be decontaminated as necessary. Temporary shielding may be installed as
necessary to minimize personnel exposure.

NOT USED.

Disengage the top shield plug from the lifting yoke and position the yoke clear of the
cask. '

Decontaminate the exposed surfaces of the DSC cylindrical shell perimeter and remove
the annulus seal.

Allow water from the annulus to drain out until the water level is approximately twelve
inches below the top edge of the DSC shell. Take swipes around the outer exposed
surface of the DSC shell and check for smearable contamination as required.

CAUTION: Radiation dose rates are expected to be high at the DSC vent and siphon
port locations. Use proper ALARA practices (e.g., use of temporary

Rev. 9, 03/11
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10.

11.
12.

13.
14.
15.

16.

17.

18.

shielding, appropriate positioning of personnel, etc.) to minimize personnel
exposure.

Prior to the start of the welding operations, drain approximately 60 gallons of water from
the DSC. Use 1 to 3 psig of helium to backfill the DSC with an inert gas as water is being
removed.

NOT USED.

Install the automated welding machine onto the inner top cover and place the inner top
cover with the automated welding machine onto the DSC. Alternately, the inner top cover |
may be placed on the DSC separately or the inner top cover may be part of the shield

plug; in these cases the automated welding machine is installed on the inner top cover
already installed in the DSC.

Check radiation levels along the surface of the inner top cover plate. Temporary shleldmg
may be installed as necessary.

Insert suitable tubing through the vent port such that it terminates just below the DSC top
shield plug. Connect the tubing to a hydrogen monitor to allow continuous monitoring of
the hydrogen atmosphere in the DSC cavity during welding of the inner top cover plate.
Optionally, other methods may be used for continuous monitoring of the hydrogen
atmosphere in the DSC cavity during welding of the inner top cover plate.

Take precautions to prevent debris and weld splatter from entering the annulus.

Weld the inner top cover plate to the DSC shell.

CAUTION: Continuously monitor the hydrogen concentration in the DSC cavity using
the tube arrangement described in step 10 during the inner top cover plate
cutting/welding operations. Verify that the measured hydrogen
concentration does not exceed a safety limit of 2.4% [4] and [5]. If this limit
is exceeded, stop all welding operations and purge the DSC cavity with 2-3
psig helium to reduce the hydrogen concentration safely below the 2.4%
limit.

Perform required dye penetrant examination of the weld surface(s).

NOT USED.

Remove remaining bulk water from the DSC cavity. Use helium to backfill the DSC as
water is being removed from the DSC. Alternately, pressurized helium may be introduced
through the vent port to assist removal of water from the DSC cavity through the siphon
port.

Once the water stops flowing from the DSC, close the DSC siphon port and disengage the
gas source.

Connect the VDS to the cask.
NOTE: Proceed cautiously when evacuating the DSC to avoid freezing consequences.

Start the VDS and draw a vacuum on the DSC cavity. The cavity pressure should be
reduced in steps to optimize moisture removal and avoid freezing. During/between
vacuum during steps, the pump is valved off and the cavity pressure monitored. The
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19.
20.
21.

22.

23.

24.

25.

26.

cavity pressure will rise as water and other volatiles in the cavity evaporate. When the
cavity pressure stabilizes, the pump is valved in to continue the vacuum drying process. It
may be necessary to repeat some steps, depending on the rate and extent of the pressure
increase. Vacuum drying is complete when the pressure stabilizes for a minimum of 30
minutes at 3 torr or less.

NOTE: The user shall ensure that the vacuum pump is isolated from the canister
cavity when demonstrating compliance with <3 torr for 30 minutes. Simply
closing the valve between the canister and the vacuum pump is not
sufficient, as a faulty valve allows the vacuum pump to continue to draw a
vacuum on the canister. Turning off the pump, or opening the suction side
of the pump to atmosphere are examples of ways to assure that the pump is

' not continuing to draw a vacuum on the canister.

CAUTION: Radiation dose rates are expected to be high at the vent and siphon port
locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

Open the valve to the vent port and allow the helium to flow into the DSC cavity.
Pressurize the DSC cavity with helium to 6.0 +1.0/-0.0 psig.

Perform a helium leakage test on the tog shield plug assembly and vent/siphon block and
verify that a criterion of <1x10™ ref.cm’/sec is met.

If a leak is found, repair the weld in accordance with the Code of Construction. Re-
pressurize the 24PT4-DSC and repeat the helium leakage test.

Once no leaks are detected, depressurize the DSC cavity by releasing the helium through
the VDS to the plant’s spent fuel pool or radioactive waste system, or other appropriate
system.

Re-evacuate the 24PT4 DSC cavity. The cavity pressure should be reduced in steps.
During/between vacuum drying steps, the pump is valved off and the cavity pressure
monitored. When the cavity pressure stabilizes, the pump is valved in to continue the
vacuum drying process. Vacuum drying is complete when the pressure stabilizes for a
minimum of 30 minutes at 3 torr.

Open the valve on the vent port and allow helium to flow into the DSC cavity to
pressurize the 24PT4 DSC to 6.0 +1.0/-0.0 psig (stable for 30 minutes after filling).

CAUTION: Radiation dose rates are expected to be high at the vent and siphon port
locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

NOT USED.

A7.713 NUHOMS®-24PT4 DSC Sealing Operations

. Disconnect the VDS from the DSC. Seal weld the prefabricated covers over the vent and

siphon ports, inject helium into the blind space just prior to completing welding, and
perform required dye penetrant weld examination(s).
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5.
6.

NOTE: At licensee discretion, a strongback may be installed on the outer top cover
plate to flatten the plate. This will require that the outer top cover plate to
the 24PT4 DSC shell tack welds be made manually, as the AWS will not fit
over the strongback. Remove the strongback after tack welding and install
AWS prior to placing the outer top cover plate-weld root pass.

Install the outer top cover plate with the automated welding system onto the 24PT4 DSC.

Tack weld the outer top cover plate to the 24PT4 DSC shell. Weld outer top cover plate
root pass. Perform dye penetrant examination of the root pass weld.

Weld out the outer top cover plate to the shell and perform the required dye penetrant
examination on the weld surface(s).

NOT USED.

Drain the water from the cask/DSC annulus.

The cask/DSC is now ready to be prepared for downending as described in Chapter A.7, Section
A.7.1.2.2.

A.7.7.1.4 Unloading the NUHOMS®-24PT4 DSC to a Fuel Pool

CAUTION: The process of DSC unloading is similar to that used for DSC loading. DSC

opening operations described below are to be carefully controlled in
accordance with site procedures. This operation is to be performed under the
site’s standard health physics guidelines for welding, grinding, and handling
of potentially highly contaminated equipment. These are to include the use
of prudent housekeeping measures and monitoring of airborne particles.
Procedures may require tenting, respirators, supplied air, or other measures
to contain contamination and minimize the impact on the health and safety

of workers.

1. NOT USED.

2. Remove the siphon cover plate.

3. Remove the vent cover plate.

4. Sample the DSC cavity atmosphere. If necessary, flush the DSC cavity gases to the site

radwaste systems.

CAUTION: (a) The water fill rate must be regulated during this reflooding operation
to ensure that the 24PT4 DSC vent pressure does not exceed 20 psig.
(b) Provide for continuous hydrogen monitoring of the 24PT4 DSC cavity
atmosphere during all subsequent cutting operations to ensure that a safety
limit of 2:4% hydrogen concentration is not exceeded [4] and [5]. Purge
with 2-3 psig helium (or any other inert medium) as necessary to maintain
the hydrogen concentration safely below this limit.

5. Fill the DSC with spent fuel pool water (or other plant-designated water source) through

the siphon port with the vent port open and routed to the plant’s off-gas system.
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6. Take precautions to prevent debris from entering the cask/DSC annulus.

7. Remove the closure weld from the outer top cover plate. .

CAUTION: Monitor the hydrogen concentration in the DSC cavity during this step to

ensure that it does not exceed 2.4% by volume [4] and [5].

Remove the DSC outer top cover plate.

9. Remove the closure weld from the DSC inner top cover plate.

10.  Remove the DSC inner top cover plate.

11.  NOTUSED

12.  Remove excess material on the DSC inside shell surface which may interfere with top
shield plug removal.

13.  Clean the cask surface of dirt and debris that may have accumulated during transportation
or weld removal.

14.  NOT USED.

15.  NOT USED.

16.  Lower the cask into the fuel pool using the upper trunnions and lifting yoke.

17.  Disengage the lifting yoke from the cask trunnions and remove the top shield plug.

18.  Remove the fuel assemblies (or fuel cans as applicable for damaged fuel assemblies)
from the DSC.

19. . Remove the cask from the pool, and place it in the decon area.

20.  Remove the water from the DSC cavity and cask/DSC annulus.

21.  Remove the DSC from the cask.

22.  Decontaminate the cask inner and outer surfaces as necessary.

23.  NOT USED.
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A7.7.1.5 References
1. Not Used.

2 Not Used.
3. Not Used.
4

U.S. Nuclear Regulatory Commission, Office of the Nuclear Material Safety and
Safeguards, “Safety Evaluation of VECTRA Technologies’ Response to Nuclear
Regulatory Commission Bulletin 96-04 for the NUHOMS®-24P and NUHOMS®-7p.”

5. U.S. Nuclear Regulatory Commission Bulletin 96-04, “Chemical, Galvanic or Other
Reactions in Spent Fuel Storage and Transportation Casks,” July 5, 1996.

6. Not Used.
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Appendix A.7.7.2
NUHOMS®-32PT DSC Wet Loading and Unloading Procedures

NOTE: References in this appendix are shown as [1], [2], etc., and refer to the reference list in
Section A.7.7.2.5. The term DSC as used in this appendix refers to the NUHOMS®-32PT DSC.

A7.72.1 NUHOMS®-32PT DSC Fuel Loading

The starting condition for the following steps assumes completion of the cask preparation steps
in Section A.7.1.2. '

1.

2.
3.
4

5.A

Lift the cask/DSC and position it over the cask loading area of the spent fuel pool.
Lower the cask into the fuel pool.
Place the cask in the location of the fuel pool used for the cask loading area.

Disengage the lifting yoke from the cask lifting trunnions and move the yoke clear of the
cask.

The potential for fuel misloading is essentially eliminated through the implementation of
procedural and administrative controls. The controls instituted to ensure that intact spent
fuel assemblies (SFAs) and control components (CCs), if applicable, are placed into a
known cell location within a DSC will typically consist of the following:

e A cask/DSC loading plan is developed to verify that the fuel assemblies, and CCs,
if applicable, meet the burnup, enrichment and cooling time parameters of the
applicable section as listed in step 13 of Section A.7.1.1. If poison rod assemblies
(PRAs5) are determined to be needed, record the number required and the DSC cell .
location for each of the PRAs on the loading plan.

e The loading plan is independently verified and approved before the fuel load.

e A fuel movement schedule is then written, verified and approved based upon the
loading plan. All fuel movements from any rack location are performed under
strict compliance with the fuel movement schedule.

Since burnup credit is employed for demonstration of criticality safety, additional
administrative controls are required for verification of fuel assembly burnup and to
prevent misloading. Fuel loading plans developed in step 5 above shall also include the
additional requirements shown in Section A.6.3.4.

Prior to loading of an SFA (and CC, if applicable) into the DSC, the identity of the
assembly (and CC, if applicable) is to be verified by two individuals using an underwater
video camera or other means. Verification of CC identification is optional if the CC has
not been moved from the host fuel assembly since its last verification. Read and record
the identification number from the fuel assembly (and CC, if applicable) and check this
identification number against the DSC loading plan which indicates which fuel
assemblies (and CCs, if applicable) are acceptable for transport.

Position the fuel assembly for insertion into the selected DSC compartment and load the
fuel assembly. Repeat steps 6-7 for each SFA loaded into the DSC. If applicable, insert
the required number of PRAs at specific locations called out in the loading plan. After the
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10.
11.
12.

13.
14.
15.

16.

17.

18.
19.

DSC has been fully loaded, check and record the identity and location of each fuel
assembly and CC, if applicable, in the DSC. Also record the location of each PRA
inserted in the DSC (if applicable).

After all the SFAs, CCs, and PRAs, if applicable, have been placed into the DSC and
their identities verified, lower the shield plug onto the DSC.

Visually verify that the top shield plug is properly seated in the DSC.
NOT USED.
Raise the cask to the pool surface using the cask trunnions and lifting yoke.

Verify that the top shield plug is properly seated within the DSC. If not, lower the cask
and reposition the top shield plug. Repeat steps 9 through 12 as necessary.

Continue to raise the cask from the pool until the top region of the cask is accessible.

Drain any excess water from the top of the DSC shield plug.

Check the radiation levels at the center of the top shield plug and around the perimeter of
the cask.

Water may be drained from the DSC back into the fuel pool or other suitable location to
meet the weight limit on the crane. Use 2 to 3 psig of helium to backfill the DSC as water |
is being removed from the DSC.

Lift the cask from the fuel pool.
Move the cask with loaded DSC to the plant designated preparation area.

If water is removed at step 16, it may be replaced with spent.fuel pool water or
equivalent.

A.7.72.2 NUHOMS®-32PT DSC Drying and Backfilling

1.

Check the radiation levels around the perimeter of the cask. The cask exterior surface |
should be decontaminated as necessary. Temporary shielding may be installed as
necessary to minimize personnel exposure.

NOT USED. \

Disengage the top shield plug from the lifting yoke and position the yoke clear of the
cask.

Decontaminate the exposed surfaces of the DSC cylindrical shell perimeter and remove |
the annulus seal.

Allow water from the annulus to drain out until the water level is approximately twelve
inches below the top edge of the DSC shell. Take swipes around the outer exposed
surface of the DSC shell and check for smearable contamination as required.

CAUTION: Radiation dose rates are expected to be high at the DSC vent and siphon
port locations. Use proper ALARA practices (e.g., use of temporary
shielding, appropriate positioning of personnel, etc.) to minimize personnel
exposure.
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10.

11.
12.

13.
14.
15.

16.

17.

18.

Prior to the start of the welding operations, drain a minimum of 750 gallons of water
from the DSC. Use [ fo 3 psig of helium to backfill the DSC as water is being removed.

NOT USED.

Install the automated welding machine onto the inner top cover and place the inner top

cover with the automated welding machine onto the DSC. Alternately, the inner top cover |

may be placed on the DSC separately or the inner top cover may be part of the shield
plug; in these cases the automated welding machine is installed on the inner top cover
already installed in the DSC.

Check radiation levels along the surface of the inner top cover plate. Temporary shielding
may be installed as necessary.

Insert suitable tubing through the vent port such that it terminates just below the DSC top
shield plug. Connect the tubing to a hydrogen monitor to allow continuous monitoring of
the hydrogen atmosphere in the DSC cavity during welding of the inner top cover plate.
Optionally, other methods may be used for continuous monitoring of the hydrogen
atmosphere in the DSC cavity during welding of the inner top cover plate.

Take precautions to prevent debris and weld splatter from entering the annulus.
Weld the inner top cover plate to the DSC shell.

CAUTION: Continuously monitor the hydrogen concentration in the DSC cavity using
the tube arrangement described in step 10 during the inner top cover plate
cutting/welding operations. Verify that the measured hydrogen
concentration does not exceed a safety limit of 2.4% [4] and [5]. If this limit
is exceeded, stop all welding operations and purge the DSC cavity with 2-3
psig helium to reduce the hydrogen concentration safely below the 2.4%
limit. :

Perform required dye penetrant examination of the weld surface(s).

NOT USED.

Remove remaining bulk water from the DSC cavity. Use helium to backfill the DSC as
water is being removed from the DSC. Alternately, pressurized helium may also be
introduced through the vent port to assist removal of water from the DSC cavity through
the siphon port. '

Once the water stops flowing from the DSC, close the DSC siphon port and disengage the
gas source.

Connect the VDS to the cask.
NOTE: Proceed cautiously when evacuating the DSC to avoid freezing consequences.

Start the VDS and draw a vacuum on the DSC cavity. The cavity pressure should be
reduced in steps fo optimize moisture removal and avoid freezing. During/between
vacuum drying steps, the pump is valved off and the cavity pressure monitored. The
cavity pressure will rise as water and other volatiles in the cavity evaporate. When the
cavity pressure stabilizes, the pump is valved in to continue the vacuum drying process. It
may be necessary to repeat some steps, depending on the rate and extent of the pressure
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19.
20.
21.
22.
23.
24.

25.

26.

increase. Vacuum drying is complete when the pressure stabilizes for a minimum of 30
minutes at 3 mm Hg or less.

NOTE: The user shall ensure that the vacuum pump is isolated from the canister
cavity when demonstrating compliance with <3 mm Hg for 30 miinutes.
Simply closing the valve between the canister and the vacuum pump is not
sufficient, as a faulty valve allows the vacuum pump to continue to draw a
vacuum on the canister. Turning off the pump, or opening the suction side
of the pump to atmosphere are examples of ways to assure that the pump is
not continuing to draw a vacuum on the canister.

CAUTION: Radiation dose rates are expected to be high at the vent and siphon port
locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

Open the valve to the vent port and allow the helium to flow into the DSC cavity.
NOT USED.
NOT USED.
NOT USED.
NOT USED.

Re-evacuate the DSC cavity. The cavity pressure should be reduced in steps.
During/between vacuum drying steps, the pump is valved off and the cavity pressure
monitored. When the cavity pressure stabilizes, the pump is valved in to continue the

‘'vacuum drying process. Vacuum drying is complete when the pressure stabilizes for a

minimum of 30 minutes at 3 mm Hg or less.

Open the valve on the vent port and allow helium to flow into the DSC cavity to
pressurize the DSC to 2.5 + 1.0 psig backfill pressure (stable for 30 minutes).

CAUTION: Radiation dose rates are expected to be high at the vent and siphon port
locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

NOT USED.

A7.72.3 NUHOMS®-32PT DSC Sealing Operations

1.

Disconnect the VDS from the DSC. Seal weld the prefabricated covers over the vent and
siphon ports, inject helium into the blind space just prior to completing welding, and
perform the required dye penetrant weld examination(s).

Install the outer top cover plate and the automated welding system onto the DSC.

Tack weld the outer top cover plate to the DSC shell. Place the outer top cover plate weld
root pass.

Perform a helium leakage test of the inner top cover plate and vent/siphon port plate
welds using the test port in the outer top cover plate and verify that the “leak-tight”
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criterion is met. Verify that the personnel performing the leakage test are qualified in
accordance with SNT-TC-1A [7]. Alternatively, this leakage test can be done with a test
head following step 1.

5. If a leak is found, remove the outer cover plate root pass (if not using the test head), the
vent and siphon port plugs and repair the inner cover plate welds. Then repeat applicable
procedure steps from Section A.7.7.2.2, step 17.

6. Perform dye penetrant examination of the root pass weld. Weld out the outer top cover
plate to the DSC shell and perform the required dye penetrant examination on the weld
surface(s).

7. Seal weld the prefabricated plug (when applicable) over the outer cover plate test port

and perform dye penetrant weld examinations.
8. NOT USED.
9. Drain the water from the cask/DSC annulus.

The cask/DSC is now ready to be prepared for downending as described in Chapter A.7, Section
A7.1.2.2.

A7.724 Unloading a NUHOMS®-32PT DSC to a Fuel Pool

CAUTION: The process of DSC unloading is similar to that used for DSC loading. DSC
opening operations described below are to be carefully controlled in
accordance with site procedures. This operation is to be performed under the
site’s standard health physics guidelines for welding, grinding, and handling
of potentially highly contaminated equipment. These are to include the use -
of prudent housekeeping measures and monitoring of airborne particles.
Procedures may require tenting, respirators, supplied air or other measures
to contain contamination and minimize the impact on the health and safety
of workers.

NOT USED.
Remove the siphon cover plate.

Remove the vent cover plate.

el

Sample the DSC cavity atmosphere. If necessary, flush the DSC cavity gases to the site
radwaste systems.

CAUTION:
(a) The water fill rate must be regulated during this reflooding operation to ensure that the
DSC vent pressure does not exceed 20.0 psig.

(b) Provide for continuous hydrogen monitoring of the DSC cavity atmosphere during all
subsequent cutting operations to ensure that a safety limit of 2.4% is not exceeded [4] and
[5]. Purge with 2-3 psig helium (or any other inert medium) as necessary to maintain the
hydrogen concentration safely below this limit.
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Fill the DSC with spent fuel pool water (or other plant designated water source) through
the siphon port with the vent port open and routed to the plant’s off-gas system. Soluble
boron requirements per step 5.A of Section A.7.7.2.1 are applicable for the pool and DSC
cavity water.

Take precautions to prevent debris from entering the cask/DSC annulus.
Remove the closure weld from the outer top cover plate.

CAUTION:  Monitor the hydrogen concentration in the DSC cavity during this
step to ensure that it does not exceed 2.4% by volume [4] and [5].

Remove the DSC outer top cover plate.

Remove the closure weld from the DSC inner top cover plate. |
Remove the DSC inner top cover plate.

NOT USED

Remove excess material on the DSC inside shell surface which may interfere with top
shield plug removal.

Clean the cask surface of dirt and debris that may have accumulated during transportation
or weld removal.

NOT USED.

NOT USED.

Lower the cask into the fuel pool using the upper trunnions and lifting yoke.
Disengage the lifting yoke from the cask trunnions and remove the top shield plug.
Remove the fuel assemblies from the DSC.

Remove the cask from the pool, and place it in the decon area.

Remove the water from the DSC cavity and cask/DSC annulus.

Remove the DSC from the cask.

Decontaminate the cask inner and outer surfaces as necessary.

NOT USED.
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A7.7.25 References

1. ANSIN14.5-1997, “American National Standard for Radioactive Materials - Leakage
Tests on Packages for Shipment,” American National Standards Institute, Inc., New
York, 1997.

2. Not Used. :
Not Used.

4, U.S. Nuclear Regulatory Commission, Office of the Nuclear Material Safety and
Safeguards, “Safety Evaluation of VECTRA Technologies’ Response to Nuclear
Regulatory Commission Bulletin 96-04 for the NUHOMS®-24P and NUHOMS®-7P.”

5. U.S. Nuclear Regulatory Commission Bulletin 96-04, “Chemical, Galvanic or Other
Reactions in Spent Fuel Storage and Transportation Casks,” July 5, 1996.

6.  Not Used.

7. SNT-TC-1A, “American Society for Nondestructive Testing, Personnel Qualification and
Certification in Nondestructive Testing.”
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Appendix A.7.7.3
NUHOMS®-24PTH DSC Wet Loading and Unloading Procedures

NOTE: References in this appendix are shown as [1], [2], etc. and refer to the reference list in
Section A.7.7.3.5. The term DSC as used in this appendix refers to the NUHOMS®-24PTH DSC.

The steps listed below are incorporated by reference into the CoC 9302 Conditions (paragraph
7.(c)) and shall not be deleted or altered in any way without a CoC revision approval from the
NRC.

A7.73.1 NUHOMS®-24PTH DSC Fuel Loading

The starting condition for the following steps assumes completion of the cask preparation steps
in Section A.7.1.2.

1. Lift the cask/DSC and position it over the cask loading area of the spent fuel pool.

2 Lower the cask into the fuel pool.

3. Place the cask in the location of the fuel pool used for the cask loading area.

4 Disengage the lifting yoke from the cask lifting trunnions and move the yoke clear of the
cask.

5. The potential for fuel misloading is essentially eliminated through the implementation of

procedural and administrative controls. The controls instituted to ensure that failed,
damaged and/or intact spent fuel assemblies (SFAs) and control components (CCs), if
applicable, are placed into a known cell location within a DSC will typically consist of
the following:

e A cask/DSC loading plan is developed to verify that the intact, damaged and
failed SFAs, and CCs, if applicable, meet the burnup, enrichment and cooling
time parameters of the applicable sections as listed in step 13 of Section A.7.1.1.

e The loading plan is independently verified and approved before the fuel load.

¢ A fuel movement schedule is then written, verified and approved based upon the
loading plan. All fuel movements from any rack location are performed under
strict compliance with the fuel movement schedule.

e Ifloading damaged fuel assemblies, verify that the required number of bottom
end caps are installed in appropriate locations in the basket.

o Ifloading failed fuel, verify that the required number of failed fuel cans are
installed in the appropriate locations, or, once loaded with fuel, are installed in the
appropriate locations in the basket.

5.A  Since burnup credit is employed for demonstration of criticality safety, additional
administrative controls are required for verification of fuel assembly burnup and to
prevent misloading. Fuel loading plans developed in step 5 above shall also include the
additional requirements shown in Section A.6.3.4.

6. Prior to loading of an SFA (and CC, if applicable) into the DSC, the identity of the SFA
(and CC, if applicable) is to be verified by two individuals using an underwater video
camera or other means. Verification of CC identification is optional if the CC has not
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been moved from the host fuel assembly since its last verification. Read and record the
identification number from the SFA (and CC, if applicable) and check this identification
number against the DSC loading plan which indicates which SFAs (and CCs, if
applicable) are acceptable for transport.

7. Position the fuel assembly for insertion into the selected DSC storage cell and load the
fuel assembly. Repeat steps 67 for each SFA loaded into the DSC. If loading damaged
fuel assemblies, place top end caps over each damaged fuel assembly placed into the
basket. If loading failed fuel, ensure that the failed fuel can lids are installed. After the
DSC has been fully loaded, check and record the identity and location of each fuel
assembly and CC, if applicable, in the DSC.

8. After all the SFAs and CCs, if applicable, have been placed into the DSC and their
identities verified, position the lifting yoke and the top shield plug (shield plug assembly)
and lower the shield plug into the DSC. Optionally the shield plug may be installed using
alternate rigging in lieu of the yoke.

9. Visually verify that the top shield plug is properly seated in the DSC.
10.  NOT USED.
11.  Raise the cask to the pool surface using the cask trunnions and lifting yoke.

12. Verify that the top shield plug is properly seated within the DSC. If not, lower the cask
and reposition the top shield plug. Repeat steps 9 through 12 as necessary.

13.  Continue to raise the cask from the pool until the top region of the cask is accessible.
14.  Drain any excess water from the top of the DSC shield plug.

15.  Check the radiation levels at the center of the top shield plug and around the perimeter of
the cask.

16.  Asrequired for crane load limitations, drain water from the DSC. Use I to 3 psig of
helium to backfill the DSC as water is being removed from the DSC cavity.

17.  Lift the cask from the fuel pool.
18.  Move the cask with loaded DSC to the plant designated preparation area.

19.  Ifwater is removed at step 16, it may be replaced with spent fuel pool water or
equivalent.

A7.7.3.2 NUHOMS®-24PTH DSC Drying and Backfilling

CAUTION: During performance of steps listed in this section, monitor the cask/DSC
annulus water level and replenish as necessary to maintain cooling.

1. Check the radiation levels around the perimeter of the cask. The cask exterior surface
should be decontaminated as necessary. Temporary shielding may be installed as
necessary to minimize personnel exposure.

2. NOT USED.

Disengage the top shield plug from the lifting yoke and position the yoke clear of the
cask.
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10.

11.
12.

13.
14.
15.

16.

Decontaminate the exposed surfaces of the DSC cylindrical shell perimeter and remove I
the annulus seal.

Allow water from the annulus to drain out until the water level is approximately twelve
inches below the top edge of the DSC shell. Take swipes around the outer exposed
surface of the DSC shell and check for smearable contamination as required.

CAUTION: Radiation dose rates are expected to be high at the DSC vent and siphon
port locations. Use proper ALARA practices (e.g., use of temporary
shielding, appropriate positioning of personnel, etc.) to minimize personnel
exposure.

Prior to the start of the welding operations, drain a minimum of 750 gallons of water
from the DSC. Use I to 3 psig of helium to backfill the DSC gas as water is being |
removed from the DSC.

NOT USED. |

Install the automated welding machine onto the inner top cover and place the inner top
cover with the automated welding machine onto the DSC. Alternately, the inner top cover |
may be placed on the DSC separately or the inner top cover may be part of the shield

plug; in these cases the automated welding machine is installed on the inner top cover
already installed in the DSC.

Check radiation levels along the surface of the inner top cover plate. Temporary shielding
may be installed as necessary.

Insert suitable tubing through the vent port such that it terminates just below the DSC top
shield plug. Connect the tubing to a hydrogen monitor to allow continuous monitoring of
the hydrogen atmosphere in the DSC cavity during welding of the inner top cover plate.
Optionally, other methods may be used for continuous monitoring of the hydrogen
atmosphere in the DSC cavity during welding of the inner top cover plate.

Take precautions to prevent debris and weld splatter from entering the annulus.
Weld the inner top cover plate to the DSC shell.

CAUTION: Continuously monitor the hydrogen concentration in the DSC cavity using
the tube arrangement described in step 10 during the inner top cover plate
cutting/welding operations. Verify that the measured hydrogen
concentration does not exceed a safety limit of 2.4% [4] and [5]. If this
limit is exceeded, stop all welding operations and purge the DSC cavity
with 2-3 psig helium to reduce the hydrogen concentration safely below the |
2.4% limit. ‘

Perform required dye penetrant examination of the weld surface(s).

NOT USED.

Remove remaining bulk water from the DSC cavity. Use helium to backfill the DSC as
water is being removed from the DSC. Alternately, pressurized helium may be introduced
through the vent port to assist removal water from the DSC cavity through the siphon
port.

Once the water stops flowing from the DSC, close the DSC siphon port and disengage the
gas source.
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17. Connect the VDS to the cask.
NOTE: Proceed cautiously when evacuating the DSC to avoid freezing consequences.

18.  Start the VDS and draw a vacuum on the DSC cavity. The cavity pressure should be
reduced in steps to optimize moisture removal and avoid freezing. During/between
vacuum drying steps, the pump is valved off and the cavity pressure monitored. The
cavity pressure will rise as water and other volatiles in the cavity evaporate. When the
cavity pressure stabilizes, the pump is valved in to continue the vacuum drying process. It
may be necessary to repeat some steps, depending on the rate and extent of the pressure
increase. Vacuum drying is complete when the pressure stabilizes for a minimum of 30
minutes at 3 mm Hg or less.

NOTE: The user shall ensure that the vacuum pump is isolated from the canister
cavity when demonstrating compliance with <3 mm Hg for 30 minutes.
Simply closing the valve between the canister and the vacuum pump is not
sufficient, as a faulty valve allows the vacuum pump to continue to draw a
vacuum on the canister. Turning off the pump, or opening the suction side
of the pump to atmosphere are examples of ways to assure that the pump is
not continuing to draw a vacuum on the canister.

CAUTION: Radiation dose rates are expected to be high at the vent and siphon port
locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

19.  Open the valve to the vent port and allow the helium to flow into the DSC cavity.
20.  NOT USED.
21.  NOT USED.
22.  NOT USED.
23.  NOT USED.

24.  Re-evacuate the DSC cavity. The cavity pressure should be reduced in steps.
During/between vacuum during steps, the pump is valved off and the cavity pressure
monitored. When the cavity pressure stabilizes, the pump is valved in to continue the
vacuum drying process. Vacuum drying is complete when the pressure stabilizes for a
minimum of 30 minutes at 3 mm Hg or less.

25. Open the valve on the vent port and allow helium to flow into the DSC cavity to
pressurize the DSC cavity to 2.5 + 1.0 psig (stable for 30 minutes).

CAUTION: Radiation dose rates are expected to be high at the vent and siphon port
locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

26. NOT USED.
A7733 NUHOMS®-24PTH DSC Sealing Operations

- CAUTION: During performance of steps listed in this section, monitor the cask/DSC
annulus water level and replenish as necessary to maintain cooling.
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8.
9.

Disconnect the VDS from the DSC. Seal weld the prefabricated covers over the vent and
siphon ports, inject helium into the blind space just prior to completing welding, and
perform the required dye penetrant weld examination(s). : ‘

Install the outer top cover plate and the automated welding system onto the DSC.

Tack weld the outer top cover plate to the DSC shell. Place the outer top cover plate weld
root pass.

Perform a helium leakage test of the inner top cover plate and vent/siphon port plate

welds using the test port in the outer top cover plate and verify that the “leak-tight”
criterion is met. Verify that the personnel performing the leakage test are qualified in I
accordance with SNT-TC-1A [7]. Alternatively, this leakage test can be done with a test
head following step 1 above.

If a leak is found, remove the outer cover plate root pass (if not using a test head), the
vent and siphon port plugs and repair the inner cover plate welds. Then repeat the
applicable procedure steps from Section A.7.7.3.2, step 17.

Perform dye penetrant examination of the root pass weld. Weld out the outer top cover
plate to the DSC shell and perform the required dye penetrant examination on the weld
surface(s)..

Seal weld the prefabricated plug (when applicable) over the outer cover plate test port
and perform dye penetrant weld examinations.

NOT USED. '

Drain the water from the cask/DSC annuius.

The cask/DSC is now ready to be prepared for downending as described in Chapter A.7, Section
A7.1.22.

A7.734 Unloading the NUHOMS®- 24PTH DSC to a Fuel Pool

>woN =

CAUTION: The process of DSC unloading is similar to that used for DSC loading. DSC
opening operations described below are to be carefully controlled in
accordance with site procedures. This operation is to be performed under the
site’s standard health physics guidelines for welding, grinding, and handling
of potentially highly contaminated equipment. These are to include the use
of prudent housekeeping measures and monitoring of airborne particles.
Procedures may require tenting, respirators, supplied air or other measures
to contain contamination and minimize the impact on the health and safety
of workers.

NOT USED.
Remove the siphon cover plate.
Remove the vent cover plate.

Sample the DSC cavity atmosphere. If necessary, flush the DSC cavity gases to the site
radwaste systems.
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10.
11.
12.

13.

14.
15.
16.
17.
18.

19.
20.
21.
22.
23.

CAUTION: (a) The water fill rate must be regulated during this reflooding operation to
ensure that the DSC vent pressure does not exceed 20.0 psig.

(b) Provide for continuous hydrogen monitoring of the DSC cavity
atmosphere during all subsequent cutting operations to ensure that a safety
limit of 2.4% is not exceeded [4] and [5]. Purge with 2-3 psig helium (or any |
other inert medium) as necessary to maintain the hydrogen concentration
safely below this limit.

Fill the DSC with spent fuel pool water (or other plant-designated water source) through
the siphon port with the vent port open and routed to the plant’s off-gas system. Soluble
boron requirements per step 5.A of Section A.7.7.3.1 are applicable for the pool and DSC
cavity water.

Take precautions to prevent debris from entering the cask/DSC annulus.
Remove the closure weld from the outer top cover plate.

CAUTION: Monitor the hydrogen concentration in the DSC cavity during this step to
ensure that it does not exceed 2.4% by volume [4] and [5].

Remove the DSC outer top cover plate.

Remove the closure weld from the DSC inner top cover plate.
Remove the DSC inner top cover plate.

NOT USED

Remove excess material on the DSC inside shell surface which may interfere with top
shield plug removal.

Clean the cask surface of dirt and debris that may have accumulated during transportation
or weld removal.

NOT USED.

NOT USED.
Lower the cask into the fuel pool using the upper trunnions and lifting yoke.
Disengage the lifting yoke from the cask trunnions and remove the top shield plug.

Remove the fuel assemblies (or fuel cans/end caps as applicable for failed/damaged fuel
assemblies) from the DSC.

Remove the cask from the pool.

Remove the water from the DSC cavity and cask/DSC annulus.
Remove the DSC from the cask.

Decontaminate the cask as necessary.

NOT USED.
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A.7.7.3.5 References

1. ANSI N14.5-1997, “American National Standard for Radioactive Materials - Leakage
Tests on Packages for Shipment,” American National Standards Institute, Inc., New
York, 1997.

2. Not Used. '
Not Used. '

4. U.S. Nuclear Regulatory Commission, Office of the Nuclear Material Safety and
Safeguards, “Safety Evaluation of VECTRA Technologies’ Response to Nuclear
Regulatory Commission Bulletin 96-04 for the NUHOMS®-24P and NUHOMS®-7p.”

5. U.S. Nuclear Regulatory Commission Bulletin 96-04, “Chemical, Galvanic or Other
Reactions in Spent Fuel Storage and Transportation Casks,” July 5, 1996.

6. Not Used.

7. SNT-TC-1A, “American Society for Nondestructive Testing, Personnel Qualification and
Certification in Nondestructive Testing.”
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NOTE:

Appendix A.7.7.4
NUHOMS®-32PTH DSC Wet Loading and Unloading Procedures

References in this appendix are shown as [1], [2], etc., and refer to the reference list in

Section A.7.7.4.5. The term DSC as used in this appendix refers to the NUHOMS®-32PTH DSC.

A174

.1 NUHOMS®-32PTH DSC Fuel Loading

The starting condition for the following steps assumes completion of the cask preparation steps
in Section A.7.1.2.

1.
2.
3.

5.A

Lift the cask/DSC and position it over the cask loading area of the spent fuel pool.
Lower the cask into the fuel pool.

Place the cask in the location of the fuel pool used for the cask loading area.

. Disengage the lifting yoke from the cask lifting trunnions and move the yoke clear of the

cask.

. The potential for fuel misloading is essentially eliminated through the implementation of

procedural and administrative controls. The controls instituted to ensure that damaged
and/or intact spent fuel assemblies (SFAs) and control components (CCs), if applicable,
are placed into a known cell location within a DSC will typically consist of the following:

e A cask/DSC loading plan is developed to verify that the intact, damaged SFAs
and CCs, if applicable, meet the burnup, enrichment and cooling time parameters
of the applicable sections as listed in step 13 of Section A.7.1.1.

e The loading plan is independently verified and approved before the fuel load.

e A fuel movement schedule is then written, verified and approved based upon the
loading plan. All fuel movements from any rack location are performed under
strict compliance with the fuel movement schedule.

e Ifloading damaged fuel assemblies, verify that the required number of bottom
end caps are installed in appropriate locations in the basket.

Since burnup credit is employed for demonstration of criticality safety, additional
administrative controls are required for verification of fuel assembly burnup and to
prevent misloading. Fuel loading plans developed in step 5 above shall also include
the additional requirements shown in Section A.6.3.4.

Prior to loading of an SFA (and CCs, if applicable) into the DSC, the identity of the
assembly (and CCs, if applicable) is to be verified by two individuals using an
underwater video camera or other means. Verification of CC identification is optional if
the CC has not been moved from the host SFA since its last verification. Read and record
the identification number from the SFA (and CCs, if applicable) and check this
identification number against the DSC loading plan which indicates which SFA (and CC,
if applicable) are acceptable for transport.

NUHO09
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9.

10.
11.
12.

13.
14.
15.

16.

17.
18.
19.

Position the fuel assembly for insertion into the selected DSC compartment and load the |
fuel assembly. Repeat steps 6—7 for each SFA loaded into the DSC. After the DSC has

been fully loaded, check and record the identity and location of each fuel assembly and
CCs, if applicable, in the DSC. If loading damaged fuel assemblies, place top end caps

over each damaged fuel assembly placed into the basket.

After all the SFAs and CCs, if applicable, have been placed into the DSC and their
identities verified, lower the shield plug into the DSC.

Visually verify that the top shield plug is properly seated in the DSC.
NOT USED.
Raise the cask to the pool surface using the cask trunnions and lifting yoke.

Verify that the top shield plug is properly seated within the DSC. If not, lower the cask
and reposition the top shield plug. Repeat steps 9 through 12 as necessary.

Continue to raise the cask from the pool until the top region of the cask is accessible.
Drain any excess water from the top of the DSC shield plug.

Check the radiation levels at the center of the top shield plug and around the perimeter of
the cask.

As required for crane load limitations, drain water from the DSC. Use / o 3 psig of
helium to backfill the DSC as water is being removed from the DSC cavity.

Lift the cask from the fuel pool.

Move the cask with loaded DSC to the plant designated preparation area.

If water is removed at step 16, it may be replaced with spent fuel pool water or
equivalent.

A7.74.2 NUHOMS®-32PTH DSC Drying and Backfilling

2.
3.

CAUTION: During performance of steps listed in this section, monitor the cask/DSC
annulus water level and replenish as necessary to maintain cooling.

. Check the radiation levels around perimeter of the cask. The cask exterior surface should |

be decontaminated as necessary. Temporary shielding may be installed as necessary to
minimize personnel exposure.

NOT USED.

Disengage the top shield plug from the lifting yoke and position the yoke clear of the
cask.

Decontaminate the exposed surfaces of the DSC cylindrical shell perimeter and remove |
the annulus seal.
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5. Allow water from the annulus to drain out until the water level is approximately twelve
inches below the top edge of the DSC shell. Take swipes around the outer exposed
surface of the DSC shell and check for smearable contamination as required.

CAUTION: Radiation dose rates are expected to be high at the DSC vent and siphon - |
port locations. Use proper ALARA practices (e.g., use of temporary
shielding, appropriate positioning of personnel, etc.) to minimize personnel
exposure.

6. If water was not drained from the DSC earlier, remove up to 1300 gallons of water. Up to
1 to 3 psig of helium gas may be applied at the vent port to assist the water pump down.

7. NOT USED.

8. Install the automated welding machine onto the inner top cover and place the inner top
cover with the automated welding machine onto the DSC. Alternately, the inner top cover
may be placed on the DSC separately or the inner top cover may be part of the shield
plug; in these cases the automated welding machine is installed on the inner top cover
already installed in the DSC.

9. Check radiation levels along the surface of the inner top cover plate.

10. Insert suitable tubing through the vent port such that it terminates just below the DSC top
shield plug. Connect the tubing to a hydrogen monitor to allow continuous monitoring of
the hydrogen atmosphere in the DSC cavity during welding of the inner top cover plate.
Optionally, other methods may be used for continuous monitoring of the hydrogen
atmosphere in the DSC cavity during welding of the inner top cover plate.

11. Take precauﬁons to prevent debris and weld splatter from entering the annulus.
12. Weld the inner top cover plate to the DSC shell. |

CAUTION: Continuously monitor the hydrogen concentration in the DSC cavity using
the tube arrangement described in step 10 during the inner top cover plate
cutting/welding operations. Verify that the measured hydrogen
concentration does not exceed a safety limit of 2.4% [4] and [5]. If this limit
is exceeded, stop all welding operations and purge the DSC cavity with 2-3
psig helium to reduce the hydrogen concentration safely below the 2.4%
limit. '

13. Perform required dye penetrant examination of the weld surface(s).
14. NOT USED.
15. Remove remaining water from the DSC.

16. Engage the helium supply and open the valve on the vent port and allow up to 15 psig
helium to assist removal of water from the DSC cavity through the siphon port.

17. Once the water stops flowing from the DSC, close the DSC siphon port and disengage the
gas source. ’

NOTE: Proceed cautiously when evacuating the DSC to avoid freezing consequences.
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18. Connect a vacuum pump/helium backfill manifold to the vent port or to both the vent and
drain ports.

Optionally, leak test the manifold and the connections to the DSC. The DSC may be
pressurized to no more than 15 psig for leakage testing.

When the cavity pressure stabilizes, the pump is valved in to complete the vacuum drying |
process. It may be necessary to repeat some steps, depending on the rate and extent of the
pressure increase. Vacuum drying is complete when the pressure stabilizes for a

minimum of 30 minutes at 3 mm Hg or less.

NOTE: The user shall ensure that the vacuum pump is isolated from the canister |
cavity when demonstrating compliance with <3 mm Hg for 30 minutes.
Simply closing the valve between the canister and the vacuum pump is not
sufficient, as a faulty valve allows the vacuum pump to continue to draw a
vacuum on the canister. Turning off the pump, or opening the suction side
of the pump to atmosphere are examples of ways to assure that the pump is
not continuing to draw a vacuum on the canister.

CAUTION: Radiation dose rates are expected to be high at the vent and siphon port |
locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

19. If the DSC cavity pressure remains below the specified limit for the required duration |
with the pump isolated, continue to the next step. If not, repeat steps 18 and 19.

20. Purge air from the backfill manifold, open the isolation valve, and backfill the DSC l
cavity with helium to 16.5 to 18 psig and hold for 10 minutes.

21. Reduce the DSC cavity pressure to atmospheric pressure, or slightly over.

22. If the quick connect fittings were removed for vacuum drying, remove the vacuum line
adapters from the ports, and re-install the quick connect fittings using suitable pipe thread
sealant.

CAUTION: Radiation dose rates are expected to be high at the vent and siphon port |
locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

23. Evacuate the DSC through the vent port quick connect fitting to a pressure 100 mbar or |
less.

24. Purge air from the backfill manifold, open the isolation valve, and backfill the DSC |
cavity with helium to 2.5 + 1 psig (stable for 30 minutes).

25. NOT USED. | - |
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A7.743 NUHOMS®-32PTH DSC Sealing Operations

8.
9.
The cask/DSC is now ready to be prepared for downending as described in Chapter A.7, Section

CAUTION: During performance of steps listed in this section, monitor the cask/DSC
annulus water level and replenish as necessary to maintain cooling.

Disconnect the VDS from the DSC. Weld the covers over the vent and drain ports,
performing the required non-destructive examination of the weld surface(s).

Install a temporary test head fixture (or any other alternative means). Perform a helium
leakage test of the inner top cover/shield plug to the DSC shell welds and siphon/vent
cover welds to demonstrate that these welds meet the “leak-light” criterion. If the leakage
rate is not met, check and repair these welds. Verify that the personnel performing the
leakage test are qualified in accordance with SNT-TC-1A [7].

Place the outer top cover plate onto the DSC. Install the automated welding machine onto
the outer top cover plate.

Tack weld the outer top cover plate to the DSC shell. Place the outer top cover plate weld
root pass.

If not previously performed, perform helium leakage test of the inner top cover plate and |
vent/siphon port plate welds using the test port in the outer top cover plate and verify that
the “leak-tight” criterion is met. Verify that the personnel performing the leakage test are
qualified in accordance with SNT-TC-1A [7]. Alternatively, this leakage test can be done

-with a test head in step 2.

a. Ifaleak is found, remove the outer cover plate root pass (if not using a test head), |
the vent and siphon port plugs and repair the inner cover plate welds. Then repeat
applicable procedure steps from Section A.7.7.4.2, step 18.

Perform dye penetrant examination of the root pass weld. Weld out the outer top cover
plate to the DSC shell and perform the required dye penetrant examination on the weld
surface(s).

Seal weld the prefabricated plug (when applicable) over the outer cover plate test port
and perform dye penetrant weld examinations.

NOT USED.

Drain the water from the cask/DSC annulus.

A7.1.2.2.
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A7.74.4 Unloading a NUHOMS®-32PTH DSC to a Fuel Pool

CAUTION: The process of DSC unloading is similar to that used for DSC loading. DSC |
opening operations described below are to be carefully controlled in accordance
with site procedures. This operation is to be performed under the site’s standard
health physics guidelines for welding, grinding, and handling of potentially highly
contaminated equipment. These are to include the use of prudent housekeeping
measures and monitoring of airborne particles. Procedures may require tenting,
respirators, supplied air or other measures to contain contamination and minimize
the impact on the health and safety of workers.

1. NOT USED.

2. Remove the siphon cover plate.

3. Remove the vent cover plate.

4. Sample the DSC cavity atmosphere. If necessary, flush the DSC cavity gases to the site

radwaste systems.

CAUTION:
(a) The water fill rate must be regulated during this reflooding operation to ensure that the
DSC vent pressure does not exceed 15.0 psig.
(b) Provide for continuous hydrogen monitoring of the DSC cavity atmosphere during all I
subsequent cutting operations to ensure that a safety limit of 2.4% is not exceeded [4] and
[5]. Purge with 2-3 psig helium (or any other inert medium) as necessary to maintain the
hydrogen concentration safely below this limit.

5. Fill the DSC with spent fuel pool water (or other plant-designated water source) through |

the siphon port with the vent port open and routed to the plant’s off-gas system. Soluble
boron requirements per step 5.A of Section A.7.7.4.1 are applicable for the pool and DSC
cavity water. The vented cavity gas may include steam, water, and radioactive material,
and should be routed accordingly. Monitor the vent pressure and regulate the water fill
rate to ensure that the pressure does not exceed 15 psig.

6. Install the cask/DSC annulus.
7. Remove the closure weld from the outer top cover plate.

CAUTION: Monitor the hydrogen concentration in the DSC cavity during this step to
ensure that it does not exceed 2.4% by volume [4] and [5].

8. Remove the DSC outer top cover plate.

9. Remove the closure weld from the DSC inner top cover plate.
10.  NOT USED.

11.  NOT USED.

12. Remove excess material on the DSC inside shell surface which may interfere with top
shield plug removal.
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13.

14.
15.
16.
17.
18.
19.

20.
21.
22.
23.
24.

Clean the cask surface of dirt and debris that may have accumulated during transportation |
or weld removal.

NOT USED.

NOT USED.

NOT USED.

Lower the cask into the fuel pool using the upper trunnions and lifting yoke.
Disengage the lifting yoke from the cask trunnions and remove the top shield plug.

Remove the fuel assemblies (end caps as applicable for damaged assemblies) from the
DSC.

Remove the cask from the pool, and place it in the decon area.
Remove the water from the DSC cavity and cask/DSC annulus.
Remove the DSC from the cask.

Decontaminate the cask as necessary.

NOT USED.
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A7745 References

I. ANSI N14.5-1997, “American National Standard for Radioactive Materials - Leakage
Tests on Packages for Shipment,” American National Standards Institute, Inc., New
York, 1997.

2. Not Used.
Not Used.

4. U.S. Nuclear Regulatory Commission, Office of the Nuclear Material Safety and
Safeguards, “Safety Evaluation of VECTRA Technologies’ Response to Nuclear
Regulatory Commission Bulletin 96-04 for the NUHOMS®-24P and NUHOMS®-7P.”

5. U.S. Nuclear Regulatory Commission Bulletin 96-04, “Chemical, Galvanic or Other
Reactions in Spent Fuel Storage and Transportation Casks,” July 5, 1996.

Not Used.

SNT-TC-1A, “American Society for Nondestructive Testing, Personnel Qualification and
Certification in Nondestructive Testing.”
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. Appendix A.7.7.5
NUHOMS®-32PTH1 DSC Wet Loading and Unloading Procedures

NOTE: References in this appendix are shown as [1], [2], etc. and refer to the reference list in
Section A.7.7.5.5. The term DSC as used in this appendix refers to the NUHOMS®-32PTH1
DSC.

A7.7.5.1 NUHOMS®-32PTH1 DSC Fuel Loading

The starting condition for the following steps assumes completion of the cask preparation steps
in Section A.7.1.2.

1. Lift the cask/DSC and position it over the cask loading area of the spent fuel pool.

2 " Lower the cask into the fuel pool.

3. Place the cask in the location of the fuel pool used for the cask loading area.

4 Disengage the lifting yoke from the cask lifting trunnions and move the yoke clear of the
cask.

5. The potential for fuel misloading is essentially eliminated through the implementation of

procedural and administrative controls. The controls instituted to ensure that damaged
and/or intact spent fuel assemblies (SFAs) and control components (CCs), if applicable,
are placed into a known cell location within a DSC will typically consist of the following:

o A cask/DSC loading plan is developed to verify that the SFAs, and CCs, if
applicable, meet the burnup, enrichment and cooling time parameters of the
applicable sections listed in step 13 of Section A.7.1.1.

e The loading plan is independently verified and approved before the fuel load.

e A fuel movement schedule is then written, verified and approved based upon the
loading plan. All fuel movements from any rack location are performed under
strict compliance with the fuel movement schedule.

e If loading damaged fuel assemblies, verify that the required number of bottom
end caps are installed in appropriate basket locations.

5.A  Since burnup credit is employed for demonstration of criticality safety, additional
administrative controls are required for verification of fuel assembly burnup and to
prevent misloading. Fuel loading plans developed in step 5 above shall also include the
additional requirements shown in Section A.6.3.4.

6. Prior to loading of an SFA (and CC, if applicable) into the DSC, the identity of the
assembly (and CC, if applicable) is to be verified by two individuals using an underwater
video camera or other means. Verification of CC identification is optional if the CC has
not been moved from the host fuel assembly since its last verification. Read and record
the identification number from the SFA (and CC, if applicable) and check this
identification number against the DSC loading plan which indicates which SFAs(and
CCs, if applicable) are acceptable for transport.
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10.
11.
12.

13.
14.
15.

16.

17.

18.
19.

Position the fuel assembly for insertion into the selected DSC compartment and load the
fuel assembly. Repeat steps 6 through 7 for each SFA loaded into the DSC. If loading
damaged fuel assemblies, place top end caps over each damaged fuel assembly placed
into the basket. After the DSC has been fully loaded, check and record the identity and
location of each SFA and CC, if applicable, in the DSC.

After all the SFAs, and CCs, if applicable, have been placed into the DSC and their
identities verified; lower the shield plug onto the DSC.

Visually verify that the top shield plug is properly seated in the DSC.
NOT USED.
Raise the cask to the pool surface using the cask trunnions and lifting yoke.

Verify that the top shield plug is properly seated within the DSC. If not, lower the cask
and reposition the top shield plug. Repeat steps 9 through 12 as necessary.

Continue to raise the cask from the pool until the top region of the cask is accessible.

Drain any excess water from the top of the DSC shield plug.

Check the radiation levels at the center of the top shield plug and around the perimeter of
the cask.

Drain a minimum of 50 gallons of water. Optionally water may be drained from the DSC
back into the fuel pool or other suitable location to meet the weight limit on the crane.

Use 1 to 3 psig of helium to backfill the DSC with helium gas as water is being removed |
from the DSC.

Lift the cask from the fuel pool. Provisions shall be made to assure that air will not enter |
the DSC cavity.

Move the cask with loaded DSC to the plant designated preparation area.

If water is removed at step 16, it may be replaced with spent fuel pool water or |
equivalent.

A7.7.52 NUHOMS®-32PTH1 DSC Drying and Backfilling

CAUTION: During performance of steps listed in this section, monitor the cask/DSC
annulus water level and replenish as necessary to maintain cooling.

Check the radiation levels around the perimeter of the cask. The cask exterior surface |
should be decontaminated as necessary. Temporary shielding may be installed as
necessary to minimize personnel exposure.

NOT USED.

Disengage the top shield plug from the lifting yoke and position the yoke clear of the
cask.

Decontaminate the exposed surfaces of the DSC cylindrical shell perimeter and remove |
the annulus seal.
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14.
15.

16.
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Allow water from the annulus to drain out until the water level is approximately twelve
inches below the top edge of the DSC shell. Take swipes around the outer surface of the
DSC shell and check for smearable contamination as required.

CAUTION: Radiation dose rates are expected to be high at the DSC vent and siphon
port locations. Use proper ALARA practices (e.g., use of temporary
shielding, appropriate positioning of personnel, etc.) to minimize personnel
exposure.

Prior to the start of the welding operations, drain approximately 900 gallons of water
from the DSC. Use 1 fo 3 psig helium to backfill the DSC with an inert gas as water is |
being removed from the DSC.

NOT USED. |

Install the automated welding machine onto the inner top cover and place the inner top
cover with the automated welding machine onto the DSC. Alternately, the inner top cover |
may be placed on the DSC separately or the inner top cover may be part of the shield

plug; in these cases the automated welding machine is installed on the inner top cover
already installed in the DSC.

Check radiation levels the surface of the inner top cover plate. Temporary shielding may
be installed as necessary.

Insert suitable tubing through the vent port such that it terminates just below the DSC top
shield plug. Connect the tubing to a hydrogen monitor to allow continuous monitoring of
the hydrogen atmosphere in the DSC cavity during welding of the inner top cover plate.
Optionally, other methods may be used for continuous monitoring of the hydrogen
atmosphere in the DSC cavity during welding of the inner top cover plate.

Take precautions to prevent debris and weld splatter from entering the annulus. |
Weld the inner top cover plate to the DSC shell.

CAUTION: Continuously monitor the hydrogen concentration in the DSC cavity using
the tube arrangement described in step 10 during the inner top cover plate
cutting/welding operations. Verify that the measured hydrogen
concentration does not exceed a safety limit of 2.4% [4] and [5]. If this limit
is exceeded, stop all welding operations and purge the DSC cavity with 2-3
psig helium to reduce the hydrogen concentration safely below the 2.4%
limit.

Perform required dye penetrant examination of the weld surface(s).

NOT USED.

Remove remaining bulk water from the DSC cavity. Use helium to backfill the DSC as
water is being removed from the DSC. Alternately, helium at up to 15.0 psig may be
introduced through the vent port to assist removal of water from the DSC cavity through |
the siphon port.

Once the water stops flowing from the DSC, close the DSC siphon port and disengage the
gas source.
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17.

18.

19.
20.
21.
22.
23.
24.

25.

26.

Connect the VDS to the cask. _
NOTE: Proceed cautiously when evacuating the DSC to avoid freezing consequences.

Start the VDS and draw a vacuum on the DSC cavity. The cavity pressure should be
reduced in steps to optimize the moisture removal and avoid freezing. During/between
vacuum drying steps, the pump is valved off and the cavity pressure monitored. The
cavity pressure will rise as water and other volatiles in the cavity evaporate. When the
cavity pressure stabilizes, the pump is valved in to continue the vacuum drying process. It
may be necessary to repeat some steps, depending on the rate and extent of the pressure
increase. Vacuum drying is complete when the pressure stabilizes for a minimum of 30
minutes at 3 mm Hg or less.

NOTE: The user shall ensure that the vacuum pump is isolated from the canister
cavity when demonstrating compliance with <3 mm Hg for 30 minutes.
Simply closing the valve between the canister and the vacuum pump is not
sufficient, as a faulty valve allows the vacuum pump to continue to draw a
vacuum on the canister. Turning off the pump, or opening the suction side
of the pump to atmosphere are examples of ways to assure that the pump is
not continuing to draw a vacuum on the canister.

CAUTION: Radiation dose rates are expected to be high at the vent and siphon port
locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

Open the valve to the vent port and allow the helium to flow into the DSC cavity.
NOT USED.
NOT USED.
NOT USED.
NOT USED.

Re-evacuate the DSC cavity. The cavity pressure should be reduced in steps.
During/between vacuum drying steps, the pump is valved off and the cavity pressure
monitored. When the cavity pressure stabilizes, the pump is valved in to continue the
vacuum drying process. Vacuum drying is complete when the pressure stabilizes for a
minimum of 30 minutes at 3 mm Hg or less.

Open the valve on the vent port and allow helium to flow into the DSC cavity to
pressurize the DSC to between 16.5 psig to 18.0 psig and hold for about 10 minutes.
Depressurize the DSC cavity by releasing the helium through the VDS to plant fuel pool
or radioactive waste system to a backfill pressure of 2.5 + 1.0 psig (stable for 30
minutes).

- CAUTION: Radiation dose rates are expected to be high at the vent and siphon port

locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

NOT USED.
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A7.75.3 NUHOMS®-32PTH1 DSC Sealing Operations

8.
9.

CAUTION: During performance of steps listed in this section, monitor the cask/DSC
annulus water level and replenish as necessary to maintain cooling.

Disconnect the VDS from the DSC. Seal weld the prefabricated covers over the vent and
siphon ports, inject helium into the blind space just prior to completing welding, and
perform the required dye penetrant weld examination(s).

Install outer top cover plate and the automated welding system onto the DSC.

Tack weld the outer top cover plate to the DSC shell. Place the outer top cover plate weld
root pass.

Perform a helium leakage test of the inner top cover plate and vent/siphon port plate
welds using the leak test port in the outer top cover plate and verify that the “leak-tight”
criterion is met. Verify that the personnel performing the leakage test are qualified in
accordance with SNT-TC-1A [7]. Alternatively, this leak test can be done with a test
head following step 1.

If a leak is found, remove the outer cover plate root pass (if not using a test head), the
vent and siphon port plugs and repair the inner cover plate welds. Then repeat applicable
procedure steps from Section A.7.7.5.2, step 17.

Perform dye penetrant examination of the root pass weld. Weld out the outer top cover
plate to the DSC shell and perform the required dye penetrant examination on the weld
surface(s).

Seal weld the prefabricated plug(when applicable) over the outer cover plate test port and
perform dye penetrant weld examinations.

NOT USED.

Drain the water from the cask/DSC annulus.

The cask/DSC is now ready to be prepared for downending as described in Chapter A.7, Section
A7.122. ’

A.7.754 Unloading a NUHOMS®-32PTH1 DSC to a Fuel Pool

CAUTION: The process of DSC unloading is similar to that used for DSC loading. DSC

opening operations described below are to be carefully controlled in accordance
with site procedures. This operation is to be performed under the site’s standard
health physics guidelines for welding, grinding, and handling of potentially highly
contaminated equipment. These are to include the use of prudent housekeeping
measures and monitoring of airborne particles. Procedures may require tenting,
respirators, supplied air or other measures to contain contamination and minimize
the impact on the health and safety of workers. '

NOT USED.
Remove the siphon cover plate.

Remove the vent cover plate.
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10.
11.
12.

13.

14.
I5.
16.
17.
18.

19.
20.
21.
22.
23.

Sample the DSC cavity atmosphere. If necessary, flush the DSC cavity gases to the site
radwaste systems.

CAUTION: (a) The water fill rate must be regulated during this reflooding operation to
ensure that the DSC vent pressure does not exceed 20.0 psig.

(b) Provide for continuous hydrogen monitoring of the DSC cavity
atmosphere during all subsequent cutting operations to ensure that a safety
limit of 2.4% is not exceeded [4] and [5]. Purge with 2-3 psig helium (or |
any other inert medium) as necessary to maintain the hydrogen

concentration safely below this limit.

Fill the DSC with spent fuel pool water (or other plant-designated water source) through
the siphon port with the vent port open and routed to the plant’s off-gas system. Soluble
boron requirements per step 5.A of Section A.7.7.5.1 are applicable for the pool and DSC
cavity water.

Take precautions to prevent debris from entering the cask/DSC annulus.
Remove the closure weld from the outer top cover plate.

CAUTION: Monitor the hydrogen concentration in the DSC cavity during this step to
ensure that it does not exceed 2.4% by volume [4] and [5].

Remove the DSC outer top cover plate.

Remove the closure weld from the DSC inner top cover plate. |
Remove the DSC inner top cover plate.

NOT USED.

Remove excess material on the DSC inside shell surface which may interfere with top
shield plug removal.

Clean the cask surface of dirt and debris that may have accumulated during transportation
or weld removal.

NOT USED.

NOT USED.

Lower the cask into the fuel pool using the upper trunnions and lifting yoke.
Disengage the lifting yoke from the cask trunnions and remove the top shield plug.

Remove the fuel assemblies (end caps as applicable for damaged fuel assemblies) from
the DSC.

Remove the cask from. the pool.

Remove the water from the DSC cavity and cask/DSC annulus.
Remove the DSC from the cask.

Decontaminate the cask as necessary.

NOT USED.
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Appendix A.7.7.6 .
NUHOMS®-37PTH DSC Wet Loading and Unloading Procedures
g

NOTE: References in this appendix are shown as [1], [2], etc., and refer to the reference list in
Section A.7.7.6.5. The term DSC as used in this appendix refers to the NUHOMS®-37PTH DSC.

A7.7.6.1 NUHOMS®-37PTH DSC Fuel Loading

The starting condition for the following steps assumes completion of the cask preparation steps
in Section A.7.1.2.

1. Lift the cask/DSC and position it over the cask loading area of the spent fuel pool.

2 Lower the cask into the fuel pool.

3. Place the cask in the location of the fuel pool used for the cask loading area.

4 Disengage the lifting yoke from the cask lifting trunnions and move the yoke clear of the
cask. _ '

5. The potential for fuel misloading is essentially eliminated through the implementation of

procedural and administrative controls. The controls instituted to ensure that damaged
and/or intact spent fuel assemblies (SFAs) and control components (CCs), if applicable,
are placed into a known cell location within a DSC will typically consist of the following:

e A cask/DSC loading plan is developed to verify that the intact, damaged fuel
assemblies, and CCs, if applicable, meet the burnup, enrichment and cooling time
parameters of the applicable sections as listed in step 13 of Section A.7.1.1.

¢ The loading plan is independently verified and approved before the fuel load.

¢ A fuel movement schedule is then written, verified and approved based upon the
loading plan. All fuel movements from any rack location are performed under
strict compliance with the fuel movement schedule.

e I[floading damaged fuel assemblies, verify that the required number of bottom
end caps are installed in appropriate basket locations.

5.A  Since burnup credit is employed for demonstration of criticality safety, additional
administrative controls are required for verification of fuel assembly burnup and to
prevent misloading. Fuel loading plans developed in step 5 above shall also include the
additional requirements shown in Section A.6.3.4.

6. Prior to loading of an SFA (and CC, if applicable) into the DSC, the identity of the SFA
(and CC, if applicable) is to be verified by two individuals using an underwater video
camera or other means. Verification of CC identification is optional if the CC has not
been moved from the host fuel assembly since its last verification. Read and record the
identification number from the SFAs (and CCs, if applicable) and check this
identification number against the DSC loading plan which indicates which SFAs (and
CCs, if applicable) are acceptable for transport.

7. Position the fuel assembly for insertion into the selected DSC compartment and load the
fuel assembly. Repeat steps 6—7 for each SFA loaded into the DSC. After the DSC has
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10.
11.
12.

13.
14.
15.

16.
17.

18.
19,

been fully loaded, check and record the identity and location of each fuel assembly and
CC, if applicable, in the DSC. If loading damaged fuel assemblies, place top end caps
over each damaged fuel assembly placed into the basket.

After all the SFAs and CCs, if applicable, have been placed into the DSC and their
identities verified, lower the shield plug into the DSC.

Visually verify that the top shield plug is properly seated in the DSC.
NOT USED.
Raise the cask to the pool surface using the cask trunnions and lifting yoke.

Verify the top shield plug is properly seated within the DSC. If not, lower the cask and
reposition the top shield plug. Repeat steps 9 through 12 as necessary.

Continue to raise the cask from the pool until the top region of the cask is accessible.

Drain any excess water from the top of the DSC shield plug.

Check the radiation levels at the center of the top shield plug and around the perimeter of
the cask.

As required for crane load limitations, drain water from the DSC back into the fuel pool
or other suitable location. Use I to 3 psig of helium to backfill the DSC as water is being
removed.

Lift the cask from the fuel pool.
Move the cask with loaded DSC to the plant designated preparation area.

If water is removed at step 16, it may be replaced with spent fuel pool water or
equivalent.

A.7.762  NUHOMS®-37PTH DSC Drying and Backfilling

CAUTION: During performance of steps listed in this section, monitor the cask/DSC
annulus water level and replenish as necessary to maintain cooling.

Check the radiation levels around the perimeter of the cask. The cask exterior surface I
should be decontaminated as necessary. Temporary shielding may be installed as
necessary to minimize personnel exposure.

NOT USED. ‘

Disengage the top shield plug from the lifting yoke and position the yoke clear of the
cask.

Decontaminate the exposed surfaces of the DSC cylindrical shell perimeter and remove |
the annulus seal.

Allow water from the annulus to drain out until the water level is approximately twelve
inches below the top edge of the DSC shell. Take swipes around the outer exposed
surface of the DSC shell and check for smearable contamination as required.
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10.

11.
12.

13.
14.
15.

16.

17.

CAUTION: Radiation dose rates are expected to be high at the DSC vent and siphon
port locations. Use proper ALARA practices (e.g., use of temporary
shielding, appropriate positioning of personnel, etc.) to minimize personnel
exposure.

Prior to the start of the welding operations, drain a minimum of 100 gallons of water
from the DSC. Use 1 to 3 psig of helium to backfill the DSC as water is being removed
from the DSC.

NOT USED.

Install the automated welding machine onto the inner top cover and place the inner top
cover with the automated welding machine onto the DSC. Alternately, the inner top cover |
may be placed on the DSC separately or the inner top cover may be part of the shield
plug; in these cases the automated welding machine is installed on the inner top cover
already installed in the DSC.

Check radiation levels along the surface of the inner top cover plate. Temporary shielding
may be installed as necessary.

Insert suitable tubing through the vent port such that it terminates just below the DSC top
shield plug. Connect the tubing to a hydrogen monitor to allow continuous monitoring of
the hydrogen atmosphere in the DSC cavity during welding of the inner top cover plate.
Optionally, other methods may be used for continuous monitoring of the hydrogen
atmosphere in the DSC cavity during welding of the inner top cover plate.

Take precautions to prevent debris and weld splatter from entering the annulus.
Weld the inner top cover plate to the DSC shell.

CAUTION: Continuously monitor the hydrogen concentration in the DSC cavity using
the tube arrangement described in step 10 during the inner top cover plate
cutting/welding operations. Verify that the measured hydrogen
concentration does not exceed a safety limit of 2.4% [4] and [5]. If this limit
is exceeded, stop all welding operations and purge the DSC cavity with 2-3
psig helium to reduce the hydrogen concentration safely below the 2.4%
limit.

Perform required dye penetrant examination of the weld surface(s).

NOT USED.

Remove remaining bulk water from the DSC cavity. Use helium to backfill the DSC as
water is being removed from the DSC. Alternately, helium at up to 15.0 psig may be
introduced through the vent port to assist removal of the water from the DSC cavity
through the siphon port.

Once the water stops flowing from the DSC, close the DSC siphon port and disengage the
gas source.

Connect the VDS to the cask.

NOTE: Proceed cautiously when evacuating the DSC to avoid freezing consequences.
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18.  Start the VDS and draw a vacuum on the DSC cavity. The cavity pressure should be
reduced in steps to optimize moisture removal and avoid freezing. During/between
vacuum drying steps, the pump is valved off and the cavity pressure monitored. The
cavity pressure will rise as water and other volatiles in the cavity evaporate. When the
cavity pressure stabilizes, the pump is valved in to continue the vacuum drying process. It
may be necessary to repeat some steps, depending on the rate and extent of the pressure
increase. Vacuum drying is complete when the pressure stabilizes for a minimum of 30
minutes at 3 mm Hg or less.

NOTE: The user shall ensure that the vacuum pump is isolated from the canister
cavity when demonstrating compliance with <3 mm Hg for 30 minutes.
Simply closing the valve between the canister and the vacuum pump is not
sufficient, as a faulty valve allows the vacuum pump to continue to draw a
vacuum on the canister. Turning off the pump, or opening the suction side
of the pump to atmosphere are examples of ways to assure that the pump is
not continuing to draw a vacuum on the canister.

CAUTION: Radiation dose rates are expected to be high at the vent and siphon port
locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

19.  Open the valve to the vent port and allow the helium to flow into the DSC cavity.
20.  NOT USED.
21.  NOT USED.
22.  NOT USED.
23.  NOT USED.

24.  Re-evacuate the DSC cavity using the VDS. The cavity pressure should be reduced in
steps. During/between vacuum drying steps, the pump is valved off and the cavity
pressure monitored. When the cavity pressure stabilizes, the pump is valved in to
continue the vacuum drying process. Vacuum drying is complete when the pressure
stabilizes for a minimum of 30 minutes at 3 mm Hg or less.

25.  Open the valve on the vent port and allow helium to flow into the DSC cavity to
pressurize the DSC between 16.5 and 18.0 psig and hold for 10 minutes. Depressurize the
DSC cavity to 2.5 + 1.0 psig (stable for 30.0 minutes).

CAUTION: Radiation dose rates are expected to be high at the vent and siphon port
locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

26.  NOT USED.

A.7.7.6.3 NUHOMS®-37PTH DSC Sealing Operations

CAUTION: During performance of steps listed in this section, monitor the cask/DSC
annulus water level and replenish as necessary to maintain cooling.
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8.
9.

Disconnect the VDS from the DSC. Seal weld the prefabricated covers over the vent and
siphon ports, inject helium into the blind space just prior to completing welding, and
perform the required dye penetrant weld examination(s).

Install the outer top cover plate the automated welding system onto the DSC.

Tack weld the outer top cover plate to the DSC shell. Place the outer top cover plate weld
root pass.

Perform a helium leakage test of the inner top cover plate and vent/siphon port plate
welds using the test port in the outer top cover plate and verify that the “leak-tight”
criterion is met. Verify that the personnel performing the leakage test are qualified in
accordance with SNT-TC-1A [7]. Alternatively, this leakage test can be done with a test
head following step 1 above.

If a leak is found, remove the outer cover plate root pass (if not using a test head), the
vent and siphon port plugs and repair the inner cover plate welds. Then repeat applicable
procedure steps from Section A.7.7.6.2, step 17.

Perform the required dye penetrant examination of the root pass weld. Weld out the outer |
top cover plate to the DSC shell and perform dye penetrant examination on the weld
surface(s).

Seal weld the prefabricated plug (when applicable) over the outer cover plate test port
and perform dye penetrant weld examinations.

NOT USED.

Drain the water from the cask/DSC annulus.

The cask/DSC is now ready to be prepared for downending as described in Chapter A.7, Section
A7.1.2.2.

A7.7.64 Unloading a NUHOMS®-37PTH DSC to a Fuel Pool

Ll A e

CAUTION: The process of DSC unloading is similar to that used for DSC loading. DSC

opening operations described below are to be carefully controlled in
accordance with site procedures. This operation is to be performed under the
site’s standard health physics guidelines for welding, grinding, and handling
of potentially highly contaminated equipment. These are to include the use
of prudent housekeeping measures and monitoring of airborne particles.
Procedures may require tenting, respirators, supplied air or other measures
to contain contamination and minimize the impact on the health and safety
of workers.

NOT USED.
Remove the siphon cover plate.
Remove the vent cover plate.

Sample the DSC cavity atmosphere. If necessary, flush the DSC cavity gases to the site
radwaste systems.

NUHO09.0101 A7.7.6-5




MP197 Transportation Packaging Safety Analysis Report Rev. 9, 03/11

10.
11.
12.

13.

14.
15.
16.
17.
18.

19.
20.
21.
22,
23.

CAUTION: (a) The water fill rate must be regulated during this reflooding operation to
ensure that the DSC vent pressure does not exceed 20.0 psig.

(b) Provide for continuous hydrogen monitoring of the DSC cavity
atmosphere during all subsequent cutting operations to ensure that a safety
limit of 2.4% is not exceeded [4] and [5]. Purge with 2-3 psig helium (or any |
other inert medium) as necessary to maintain the hydrogen concentration
safely below this limit.

Fill the DSC with spent fuel pool water through the siphon port with the vent port open
and routed to the plant’s off-gas system. Soluble boron requirements per step 5.A of
Section A.7.7.6.1 are applicable for the pool and DSC cavity water.

Take precautions to prevent debris from entering the cask/DSC annulus.
Remove the closure weld from the outer top cover plate.

CAUTION: Monitor the hydrogen concentration in the DSC cavity during this step to
ensure that it does not exceed 2.4% by volume [4] and [5].

Remove the DSC outer top cover plate.

Remove the closure weld from the DSC inner top cover plate.
Remove the DSC inner top cover plate.

NOT USED

Remove excess material on the DSC inside shell surface which may interfere with top
shield plug removal.

Clean the cask surface of dirt and debris that may have accumulated during transportation
or weld removal.

NOT USED.
NOT USED.
Lower the cask slowly into the fuel pool using the upper trunnions and lifting yoke.
Disengage the lifting yoke from the cask trunnions and remove the top shield plug.

Remove the fuel assemblies (or end caps as applicable for damaged assemblies) from the
DSC.

Remove the cask from the pool, and place it in the decon area.
Remove the water from the DSC cavity and cask/DSC annulus.
Remove the DSC from the cask.

Decontaminate the cask as necessary.

NOT USED.
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‘ Appendix A.7.7.7
NUHOMS®-61BT DSC Wet Loading and Unloading Procedures

NOTE: References in this appendix are shown as [1], [2], etc., and refer to the reference list in
Section A.7.7.7.5. The term DSC as used in this appendix refers to the NUHOMS®-61BT DSC.

A.7.7.7.1 NUHOMS®-61BT DSC Fuel Loading

The starting condition for the following steps assumes completion of the cask preparation steps
in Section A.7.1.2.

1. Lift the cask/DSC and position it over the cask loading area of the spent fuel pool.

2 Lower the cask into the fuel pool.

3. Place the cask in the location of the fuel pool used for the cask loading area.

4 Disengage the lifting yoke from the cask lifting trunnions and move the yoke clear of the
cask.

5. The potential for fuel misloading is essentially eliminated through the implementation of

procedural and administrative controls. The controls instituted to ensure that damaged
and/or intact spent fuel assemblies (SFAs) are placed into a known cell location within a
DSC will typically consist of the following:

e A cask/DSC loading plan is developed to verify that the SFAs meet the burnup,
enrichment and cooling time parameters of the applicable sections as listed in step
13 of Section A.7.1.1.

e The loading plan is independently verified and approved before the fuel load.

o A fuel movement schedule is then written, verified and approved based upon the
loading plan. All fuel movements from any rack location are performed under
strict compliance with the fuel movement schedule.

o [floading damaged fuel assemblies, verify that the required number of bottom

end caps are installed in appropriate fuel compartment tube locations before fuel
load.
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10.
1.
12.

13.
14.
15.

16.
17.

18.
19.

After all the SFAs have been placed into the DSC and their identities verified, place the
hold down ring if it is not integral to the basket. Alternately, the hold down ring may be
placed on the basket before loading the SFAs. Lower the shield plug onto the DSC.

Visually verify that the top shield plug is properly seated in the DSC.
NOT USED.
Raise the cask to the pool surface using the cask trunnions and lifting yoke.

Verify that the top shield plug is properly seated within the DSC. If not, lower the cask
and reposition the top shield plug. Repeat steps 9 through 12 as necessary.

Continue to raise the cask from the pool until the top region of the cask is accessible.
Drain any excess water from the top of the DSC shield plug.

Check the radiation levels at the center of the top shield plug and around the perimeter of
the cask. '

As required for crane load limitations, drain water from the DSC back into the fuel pool
or other suitable location to meet the weight limit on the crane. Use 1 to 3 psig of helium
to backfill the DSC as water is being removed from the DSC.

Lift the cask from the fuel pool.
Move the cask with loaded DSC to the plant designated preparation area.

If water is removed at step 16, it may be replaced with spent fuel pool water or
equivalent.

A.7.7.1.2 NUHOMS®-61BT DSC Drying and Backfilling

1.

Check the radiation levels around the perimeter of the cask. The cask exterior surface
should be decontaminated as necessary. Temporary shielding may be installed as
necessary to minimize personnel exposure.

NOT USED.

Disengage the top shield plug from the lifting yoke and position the yoke clear of the
cask.

Decontaminate the exposed surfaces of the DSC cylindrical shell perimeter and remove
the annulus seal.

Allow water from the annulus to drain out until the water level is approximately twelve
inches below the top edge of the DSC shell. Take swipes around the exposed surface of
the DSC shell and check for smearable contamination as required.

CAUTION: Radiation dose rates are expected to be high at the DSC vent and siphon
port locations. Use proper ALARA practices (e.g., use of temporary
shielding, appropriate positioning of personnel, etc.) to minimize personnel
exposure. '

Drain a minimum of 1100 gallons of water from the DSC. Use I to 3 psig of helium to
backfill the DSC as water is being removed from the DSC.
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7. NOT USED. |

Install the automated welding machine onto the inner top cover and place the inner top
cover with the automated welding machine onto the DSC. Alternately, the inner top cover |
may be placed on the DSC separately or the inner top cover may be part of the shield

plug; in these cases the automated welding machine is installed on the inner top cover
already installed in the DSC.

9. Check radiation levels along the surface of the inner top cover plate. Temporary shielding
may be installed as necessary.

10. Insert suitable tubing through the vent port such that it terminates just below the DSC top
shield plug. Connect the tubing to a hydrogen monitor to allow continuous monitoring of
the hydrogen atmosphere in the DSC cavity during welding of the inner top cover plate.
Optionally, other methods may be used for continuous monitoring of the hydrogen
atmosphere in the DSC cavity during welding of the inner top cover plate.

11. Take precautions to prevent debris and weld splatter from entering the annulus.

12.  Tack weld the inner top cover plate to the DSC shell. Complete the inner top cover plate
weld to the DSC shell.

CAUTION: Continuously monitor the hydrogen concentration in the DSC cavity using
the tube arrangement described in step 10 during the inner top cover plate
cutting/welding operations. Verify that the measured hydrogen
concentration does not exceed a safety limit of 2.4% [4] and [5]. If this limit
is exceeded, stop all welding operations and purge the DSC cavity with 2-3
psig helium to reduce the hydrogen concentration safely below the 2.4%

limit.
13.  Perform required dye penetrant examination of the weld surface(s).
14.  Place the strongback on the inner top cover plate and is oriented such that:

15. NOT USED.

16.  Remove remaining bulk water from the DSC cavity. Use helium to backfill the DSC as
water is being removed from the DSC. Alternately, helium (up to 10 psig) may also be
used on the vent port and allow helium to assist removal of the water from the DSC |
cavity through the siphon port.

17.  Once the water stops flowing from the DSC, close the DSC siphon port and disengage the
gas source.

18.  Connect the VDS to the cask.
NOTE: Proceed cautiously when evacuating the DSC to avoid freezing consequences.

19.  Start the VDS and draw a vacuum on the DSC cavity. The cavity pressure should be
reduced in steps to optimize moisture removal and avoid freezing. During/between
vacuum drying steps, the pump is valved off and the cavity pressure monitored. The
cavity pressure will rise as water and other volatiles in the cavity evaporate. When the
cavity pressure stabilizes, the pump is valved in to continue the vacuum drying process. It
may be necessary to repeat some steps, depending on the rate and extent of the pressure
increase. Vacuum drying is complete when the pressure stabilizes for a minimum of 30
minutes at 3 mm Hg or less.
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NOTE: The user shall ensure that the vacuum pump is isolated from the canister
cavity when demonstrating compliance with <3 mm Hg for 30 minutes.
Simply closing the valve between the canister and the vacuum pump is not
sufficient, as a faulty valve allows the vacuum pump to continue to draw a
vacuum on the canister. Turning off the pump, or opening the suction side
of the pump to atmosphere are examples of ways to assure that the pump is
not continuing to draw a vacuum on the canister.

CAUTION: Radiation dose rates are expected to be high at the vent and siphon port
locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

20.  Open the valve to the vent port and allow the helium to flow into the DSC cavity.
21. NOT USED.
22.  NOT USED.
23.  NOT USED.
24.  NOT USED.

25.  Re-evacuate the DSC cavity. The cavity pressure should be reduced in steps.
During/between vacuum drying steps, the pump is valved off and the cavity pressure
monitored. When the cavity pressure stabilizes, the pump is valved in to continue the
vacuum drying process. Vacuum drying is complete when the pressure stabilizes for a
minimum of 30 minutes at 3 mm Hg or less.

26. Open the valve on the vent port and allow helium to flow into the DSC cavity to
pressurize the DSC to 2.5 + 1.0 psig backfill pressure (stable for 30 minutes).

CAUTION: Radiation dose rates are expected to be high at the vent and siphon port
locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

27.  NOT USED.
28.  Remove the strongback.

A7.7.7.3 NUHOMS®-61BT DSC Sealing Operations
1. Disconnect the VDS from the DSC. Seal weld the prefabricated covers over the vent and

siphon ports, inject helium into the blind space just prior to completing welding, and
perform the required dye penetrant weld examination(s).

2. Install the outer top cover plate and the automated welding system onto the DSC. .
Tack weld the outer top cover plate to the DSC shell. Place the outer top cover plate weld
root pass.

4. Perform helium leakage test of the inner top cover plate and vent/siphon port plate welds

using the test port in the outer top cover plate and verify that the “leak-tight” criterion is
met. Verify that the personnel performing the leak test are qualified in accordance with
SNT-TC-1A [7]. Alternatively, this leak test can be done with a test head following
step 1.
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If a leak is found, remove the outer cover plate root pass, the vent and siphon port plugs
and repair the inner cover plate welds. Then repeat applicable procedure steps from
Section A.7.7.7.2, step 18.

Perform the required dye penetrant examination of the root pass weld. Weld out the outer |
top cover plate to the DSC shell and perform dye penetrant examination on the weld
surface(s). :

Seal weld the prefabricated plug (when applicable) over the outer cover plate test port
and perform dye penetrant weld examinations.

NOT USED.

Drain the water from the cask/DSC annulus.

The cask/DSC is now ready to be prepared for downending as described in Chapter A.7, Section
A7.1.2.2.

A7.7.74 Unloading the NUHOMS®-61BT DSC to a Fuel Pool

R

CAUTION: The process of DSC unloading is similar to that used for DSC loading. DSC
opening operations described below are to be carefully controlled in
accordance with site procedures. This operation is to be performed under the
site’s standard health physics guidelines for welding, grinding, and handling
of potentially highly contaminated equipment. These are to include the use
of prudent housekeeping measures and monitoring or airborne particles.
Procedures may require tenting, respirators, supplied air or other measures
to contain and minimize the spread of and impact on the health and safety of
workers due to contamination.

NOT USED.
Remove the siphon cover plate.
Remove the vent cover plate.

Sample the DSC cavity atmosphere. If necessary, flush the DSC cavity gases to the site
radwaste systems.

CAUTION: (a) The water fill rate must be regulated during this reflooding operation to |
ensure that the DSC vent pressure does not exceed 20.0 psig.

(b) Provide for continuous hydrogen monitoring of the DSC cavity I
atmosphere during all subsequent cutting operations to ensure that a safety
limit of 2.4% is not exceeded [4] and [5]. Purge with 2-3 psig helium (or any |
other inert medium) as necessary to maintain the hydrogen concentration
safely below this limit.

Fill the DSC with spent fuel pool water (or other plant designated water source) through
the siphon port with the vent port open.

Take precautions to prevent debris from entering the cask/DSC annulus.

Remove the closure weld from the outer top cover plate.
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10.
11.
12.

13.

14.
15.
16.
17.

18.

19.
20.
21.
22.
23.

CAUTION: Monitor the hydrogen concentration in the DSC cavity during this step to
ensure that it does not exceed 2.4% by volume [4] and [5].

Remove the DSC outer top cover plate.
Remove the DSC inner top cover plate.
Remove the DSC inner top cover plate.
NOT USED.

Remove excess material on the DSC inside shell surface which may interfere with top
shield plug removal.

Clean the cask surface of dirt and debris that may have accumulated during transportation
or weld removal.

NOT USED.
NOT USED.
Lower the cask slowly into the fuel pool using the upper trunnions and lifting yoke.

Disengage the lifting yoke from the cask trunnions and remove the top shield plug and
hold down ring.

Remove the fuel assemblies (end caps as applicable for damaged fuel assemblies) from
the DSC.

Remove the cask from the pool.

Remove the water from the DSC cavity and cask/DSC annulus.
Remove the DSC from the cask.

Decontaminate the cask as necessary.

NOT USED.
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A.7.7.7.5 References

1. ANSI N14.5-1997, “American National Standard for Radioactive Materials - Leakage
Tests on Packages for Shipment,” American National Standards Institute, Inc., New
York, 1997. :

2. Not Used.
Not Used.

4, U.S. Nuclear Regulatory Commission, Office of the Nuclear Material Safety and
Safeguards, “Safety Evaluation of VECTRA Technologies’ Response to Nuclear
Regulatory Commission Bulletin 96-04 for the NUHOMS®-24P and NUHOMS®-7p.”

5. U.S. Nuclear Regulatory Commission Bulletin 96-04, “Chemical, Galvanic or Other
Reactions in Spent Fuel Storage and Transportation Casks,” July 5, 1996.

6. Not Used.

SNT-TC-1A, “American Society for Nondestructive Testing, Personnel Qualification and
Certification in Nondestructive Testing.”
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Appendix A.7.7.8
NUHOMS®-61BTH DSC Wet Loading and Unloading Procedures

NOTE: References in this appendix are shown as [1], [2], etc. and refer to the reference list in

Section A.7.7.8.5. The term DSC as used in this appendix refers to the NUHOMS®-61BTH
DSC. '

A7.7.8.1 NUHOMS®-61BTH DSC Fuel Loading

The starting condition for the following steps assumes completion of the cask preparation steps
in Section A.7.1.2.

Lift the cask/DSC and position it over the cask loading area of the spent fuel pool.

1
2 Lower the cask into the fuel pool.

3. Place the cask in the location of the fuel pool used for the cask loading area.
4

Disengage the lifting yoke from the cask lifting trunnions and move the yoke clear of the
cask.

5. The potential for fuel misloading is essentially eliminated through the implementation of
procedural and administrative controls. The controls instituted to ensure that failed,
damaged and/or intact spent fuel assemblies (SFAs) are placed into a known cell location
within a DSC, will typically consist of the following:

e A cask/DSC loading plan is developed to verify that the failed, damaged and/or
intact SFAs meet the burnup, enrichment and cooling time parameters of the
applicable sections as listed in step 13 of Section A.7.1.1.

o The loading plan is independently verified and approved before the fuel load.

¢ A fuel movement schedule is then written, verified and approved based upon the
loading plan. All fuel movements from any rack location are performed under
strict compliance with the fuel movement schedule.

o Ifloading damaged fuel assemblies, verify that the required number of bottom

end caps are installed in appropriate fuel compartment tube locations before fuel
load.
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10.
11.
12.

13.

14.

15.

16.
17.
18.

damaged fuel assemblies, place top end caps over each damaged fuel assembly placed
into the basket. If loading failed fuel, ensure that the FFC lids are installed. After the
DSC has been fully loaded, check and record the identity and location of each fuel
assembly in the DSC. '

a. After all the SFAs have been placed into the DSC and their identities verified, place the
hold-down ring or optional top grid assembly as applicable. If using the hold down ring,
it may be placed on the basket before loading the SFAs.

b. Lower the shield plug into the DSC.

Visually verify that the top shield plug is properly seated in the DSC.

NOT USED.

Raise the cask to the pool surface.

Verify that the top shield plug properly seated within the DSC. If not, lower the cask and
reposition the top shield plug. Repeat steps 9 through 12 as necessary.

Continue to raise the cask from the pool.

Drain any excess water from the top of the DSC shield plug back to the fuel pool. Check
the radiation levels at the center of the top shield plug and around the perimeter of the
cask. '

Drain water as needed from the DSC back into the fuel pool or other suitable location to
meet the crane load limits. Use I to 3 psig of helium to backfill the DSC as water is being |
removed from the DSC.

Lift the cask from the fuel pool. |
Move the cask with loaded DSC to the plant designated preparation area.

If water is removed at step 15, it may be replaced with spent fuel pool water or |
equivalent.

A7.782  NUHOMS®-61BTH DSC Drying and Backfilling

CAUTION: During performance of steps listed in this section, monitor the cask/DSC
annulus water level and replenish as necessary to maintain cooling.

Check the radiation levels around the perimeter of the cask. The cask exterior surface |
should be decontaminated as necessary. Temporary shielding may be installed as
necessary to minimize personnel exposure.

NOT USED.

Disengage the top shield plug from the lifting yoke and position the yoke clear of the
cask.

Decontaminate the exposed surfaces of the DSC cylindrical shell perimeter and remove |
the annulus seal.
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10.

11.
12.

13.
14.

15.
16.

Allow water from the annulus to drain out until the water level is approximately twelve
inches below the top edge of the DSC shell. Take swipes around the outer exposed
surface of the DSC shell and check for smearable contamination as required.

CAUTION: Radiation dose rates are expected to be high at the DSC vent and siphon port
locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

Prior to the start of the welding operations, drain approximately 1100 gallons of water
from the DSC. Use I to 3 psig of helium to backfill the DSC as water is being removed |
from the DSC.

NOT USED. |

Install the automated welding machine onto the inner top cover and place the inner top
cover with the automated welding machine onto the DSC. Alternately, the inner top cover |
may be placed on the DSC separately or the inner top cover may be part of the shield

plug; in these cases the automated welding machine is installed on the inner top cover
already installed in the DSC. ‘

Check radiation levels along the surface of the inner top cover plate. Temporary shielding
may be installed as necessary.

Insert suitable tubing through the vent port such that it terminates just below the DSC top
shield plug. Connect the tubing to a hydrogen monitor to allow continuous monitoring of
the hydrogen atmosphere in the DSC cavity during welding of the inner top cover plate.
Optionally, other methods may be used for continuous monitoring of the hydrogen
atmosphere in the DSC cavity during welding of the inner top cover plate.

Take precautions to prevent debris and weld splatter from entering the annulus.

Tack weld the inner top cover plate to the DSC shell. Complete the inner top cover plate
weld to the DSC shell.

CAUTION: Continuously monitor the hydrogen concentration in the DSC cavity using
the tube arrangement described in step 10 during the inner top cover plate
cutting/welding operations. Verify that the measured hydrogen
concentration does not exceed a safety limit of 2.4% [4] and [5]. If this limit
is exceeded, stop all welding operations and purge the DSC cavity with 2-3
psig helium to reduce the hydrogen concentration safely below the 2.4%
limit.

Perform dye penetrant examination of the weld surface.

If loading a Type 2 61BTH DSC skip to step /6; otherwise, install the strongback on the
inner top cover plate.

NOT USED.

Remove remaining bulk water from the DSC cavity. Use helium to backfill the DSC as
water is being removed from the DSC. Alternately, helium (at up to 10.0 psig for Type 1
DSC or 15.0 psig for Type 2 DSC) may be introduced through the vent port to assist
removal of the water from the DSC.
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17.  Once the water stops flowing from the DSC, close the DSC siphon port and disengage the
gas source.

18. Connect the VDS to the cask.
NOTE: Proceed cautiously when evacuating the DSC to avoid freezing consequences.

19.  Start the VDS and draw a vacuum on the DSC cavity. The cavity pressure should be
reduced in steps fo optimize moisture removal and avoid freezing. During/between
vacuum drying steps, the pump is valved off and the cavity pressure monitored. The
cavity pressure will rise as water and other volatiles in the cavity evaporate. When the
cavity pressure stabilizes, the pump is valved in to continue the vacuum drying process. It
may be necessary to repeat some steps, depending on the rate and extent of the pressure
increase. Vacuum drying is complete when the pressure stabilizes for a minimum of 30
minutes at 3 mm Hg or less.

NOTE.: The user shall ensure that the vacuum pump is isolated from the canister
cavity when demonstrating compliance with <3 mm Hg for 30 minutes.
Simply closing the valve between the canister and the vacuum pump is not
sufficient, as a faulty valve allows the vacuum pump to continue to draw a
vacuum on the canister. Turning off the pump, or opening the suction side
of the pump to atmosphere are examples of ways to assure that the pump is
not continuing to draw a vacuum on the canister.

CAUTION: Radiation dose rates are expected to be high at the vent and siphon port
locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

20.  Open the valve to the vent port and allow the helium to flow into the DSC cavity.
21.  NOT USED.
22.  NOT USED.
23. NOT USED.
24.  NOT USED.

25.  Re-evacuate the DSC cavity. The cavity pressure should be reduced in steps.
During/between vacuum drying steps, the pump is valved off and the cavity pressure
monitored. When the cavity pressure stabilizes, the pump is valved in to continue the
vacuum drying process. Vacuum drying is complete when the pressure stabilizes for a
minimum of 30 minutes at 3 mm Hg or less.

26. Open the valve on the vent port and allow helium to flow into the DSC cavity to
pressurize the DSC between 14.5 to 16.0 psig for 61BTH Type 1 and 18.5 to 20.0 psig
for 61BTH Type 2 DSC and hold for 10 minutes. Depressurize the DSC cavity to 2.5 psig |
+ 1.0 psig backfill pressure (stable for 30 minutes).

CAUTION: Radiation dose rates are expected to be high at the vent and siphon port
locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

27.  NOT USED.
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28.  Ifinstalled, remove the strongback.

A.7.7.83 NUHOMS®-61BTH DSC Sealing Operations

CAUTION: During performance of steps listed in this section, monitor the cask/DSC
annulus water level and replenish as necessary to maintain cooling.

L. Disconnect the VDS from the DSC. Seal weld the prefabricated covers over the vent and
siphon ports, inject helium into the blind space just prior to completing welding, and
perform the required dye penetrant weld examination(s).

2. Install the outer top cover plate and the automated welding system onto the DSC.

3. Tack weld the outer top cover plate to the DSC shell. Place the outer top cover plate weld
root pass.

4. Perform helium leakage test of the inner top cover plate and vent/siphon port plate welds

using the test port in the outer top cover plate and verify that the “leak-tight” criterion is |
met. Verify that the personnel performing the leakage test are qualified in accordance

with SNT-TC-1A [7]. Alternatively, this leakage test can be done with a test head
following step 1 above.

5. If a leak is found, remove the outer cover plate root pass (if not using a test head), the
vent and siphon port plugs and repair the inner cover plate welds. Then install the
strongback (if used) and repeat procedure steps from A.7.7.8.2, step 18.

6. Perform dye penetrant examination of the root pass weld. Weld out the outer top cover
plate to the DSC shell and perform the required dye penetrant examination on the weld
surface(s).

7. Install and seal weld the prefabricated plug (when applicable) over the outer cover plate

test port and perform dye penetrant weld examinations.
8. . NOT USED. |
9. Drain the water from the cask/DSC annulus.

The cask/DSC is now ready to be prepared for downending as described in Chapter A.7, Section
A7.1.2.2.

A.7.784  Unloading a NUHOMS®-61BTH DSC to a Fuel Pool Using the NUHOMS®-
: MP197HB Cask

CAUTION: The process of DSC unloading is similar to that used for DSC loading. DSC
opening operations described below are to be carefully controlled in
accordance with site procedures. This operation is to be performed under the
site’s standard health physics guidelines for welding, grinding, and handling
of potentially highly contaminated equipment. These are to include the use
of prudent housekeeping measures and monitoring of airborne particles.
Procedures may require tenting, respirators, supplied air or other measures
to contain contamination and minimize the impact on the health and safety
of workers.
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10.
11.
12.

13.

14.
15.
16.
17.
18.
19.

20.
21.
22,

NOT USED.
Remove the siphon cover plate.

Remove the vent cover plate.

Sample the DSC cavity atmosphere. If necessary, flush the DSC cavity gases to the site
radwaste systems.

CAUTION: (a) The water fill rate must be regulated during this reflooding operation to
ensure that the DSC vent pressure does not exceed 20.0 psig.

(b) Provide for continuous hydrogen monitoring of the DSC cavity
atmosphere during all subsequent cutting operations to ensure that a safety
limit of 2.4% is not exceeded [4] and [S]. Purge with 2-3 psig helium as
necessary to maintain the hydrogen concentration safely below this limit.

Fill the DSC with spent fuel pool water (or other plant-designated water source) through
the siphon port with the vent port open.

Take precautions to prevent debris from entering the cask/DSC annulus.
Remove the closure weld from the outer top cover plate.

CAUTION: Monitor the hydrogen concentration in the DSC cavity during this step to
ensure that it does not exceed 2.4% by volume [4] and [5].

Remove the DSC outer top cover plate.

Remove the closure weld from the DSC inner top cover plate.
Remove the DSC inner top cover plate.

NOT USED

Remove excess material on the DSC inside shell surface which may interfere with top
shield plug removal.

Clean the cask surface of dirt and debris that may have accumulated during transportation
or weld removal.

NOT USED.

NOT USED.

Lower the cask into the fuel pool using the upper trunnions and lifting yoke.
Disengage the lifting yoke from the cask trunnions and remove the top shield plug.
Remove the holddown ring (if not integral to the basket).

Remove the fuel assemblies (or fuel cans/end caps as applicable for failed/damaged fuel
assemblies) from the DSC.

Remove the cask from the pool. |
Remove the water from the DSC cavity and cask/DSC annulus.
Remove the DSC from the cask. I
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23.  Decontaminate the cask as necessary.
24.  NOT USED.
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A.7.7.8.5 References

1. ANSIN14.5-1997, “American National Standard for Radioactive Materials - Leakage

Tests on Packages for Shipment,” American National Standards Institute, Inc., New York,
1997.

Not Used.
Not Used.

U.S. Nuclear Regulatory Commission, Office of the Nuclear Material Safety and
Safeguards, “Safety Evaluation of VECTRA Technologies’ Response to Nuclear
Regulatory Commission Bulletin 96-04 for the NUHOMS®-24P and NUHOMS®-7P.”

3. U.S. Nuclear Regulatory Commission Bulletin 96-04, “Chemical, Galvanic or Other
Reactions in Spent Fuel Storage and Transportation Casks,” July 5, 1996.

6. Not Used. |

SNT-TC-1A4, “American Society for Nondestructive Testing, Personnel Qualification and
Certification in Nondestructive Testing.”

NUHO09.0101 A.7.7.8-9




MP197 Transportation Packaging Safety Analysis Report

Rev. 9, 03/11

APPENDIX A.7.7.9
NUHOMS®-69BTH DSC Wet Loading and Unloading
A.7.7.9.1 NUHOMS®-69BTH DSC Fuel Loading
A.7.79.2 NUHOMS®-69BTH DSC Drying and Backfilling
A.7.79.3 NUHOMS®-69BTH DSC Sealing Operations
A7.79.4 Unloading a NUHOMS®-69BTH DSC to a Fuel Pool
A7.79.5 References

.........................................

.........................

....................

NUHO09.0101 A.7.7.9-



MP197 Transportation Packaging Safety Analysis Report Rev. 9, 03/11

Appendix A.7.7.9
NUHOMS®-69BTH DSC Wet Loading and Unloading Procedures

NOTE: References in this appendix are shown as [1], [2], etc., and refer to the reference list in
Section A.7.7.9.5. The term DSC as used in this appendix refers to the NUHOMS®-69BTH
DSC.

A.7.79.1 NUHOMS®-69BTH DSC Fuel Loading

The starting condition for the following steps assumes completion of the cask preparation steps
in Section A.7.1.2.

1. Lift the cask/DSC and position it over the cask loading area of the spent fuel pool.

2 Lower the cask into the fuel pool.

3. Place the cask in the location of the fuel pool used for the cask loading area.

4 Disengage the lifting yoke from the cask lifting trunnions and move the yoke clear of the
cask.

5. The potential for fuel misloading is essentially eliminated through the implementation of

procedural and administrative controls. The controls instituted to ensure that damaged
and/or intact spent fuel assemblies (SFAs) are placed into a known cell location within a
DSC will typically consist of the following:

e A cask/DSC loading plan is developed to verify that the intact and damaged fuel
assemblies meet the burnup, enrichment and cooling time parameters of the
applicable sections as listed in step 13 of Section A.7.1.1.

¢ The loading plan is independently verified and approved before the fuel load.

e A fuel movement schedule is then written, verified and approved based upon the
loading plan. All fuel movements from any rack location are performed under
strict compliance with the fuel movement schedule.

o Ifloading damaged fuel assemblies, verify that the required number of bottom
end caps are installed in appropriate locations in the basket.

6. Prior to loading of an SFA into the DSC, the identity of the assembly is to be verified by
two individuals using an underwater video camera or other means. Read and record the
identification number from the SFA and check this identification number against the DSC
loading plan which indicates which SFAs are acceptable for transport.

7. Position the fuel assembly for insertion into the selected DSC fuel compartment and load
the fuel assembly. Repeat steps 6 through 7 for each SFA loaded into the DSC. If loading
damaged fuel assemblies, place top end caps over each damaged fuel assembly placed
into the basket. After the DSC has been fully loaded, check and record the identity and
location of each fuel assembly in the DSC.

8. After all the SFAs have been placed into the DSC and their identities verified, install the
hold down ring if it is not integral to the basket. Alternately, the hold down ring may be
placed before loading the SFAs.

Lower the shield plug into the DSC.
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10.
1.
12.

13.
14.
15.

16.

17.
18.
19.

Visually verify that the top shield plug is properly seated in the DSC.
NOT USED.
Raise the cask to the pool surface.

Verify that the top shield plug is properly seated within the DSC. If not, lower the cask
and reposition the top shield plug. Repeat steps 9 through 12 as necessary.

Continue to raise the cask from the pool until the top region of the cask is accessible.
Drain any excess water from the top of the DSC shield plug.

Check the radiation levels at the center of the top shield plug and around the perimeter of
the cask.

As required for crane load limitations, drain water from the DSC. Use 1 fo 3 psig of
helium to backfill the DSC as water is being removed. -

Lift the cask from the fuel pool.
Move the cask with loaded DSC to the plant designated preparation area.

If water is removed at step 16, it may be replaced with spent fuel pool water or
equivalent.

A.7.79.2 NUHOMS®-69BTH DSC Drying and Backfilling

CAUTION: During performance of steps listed in this section, monitor the cask/DSC
annulus water level and replenish as necessary to maintain cooling.

Check the radiation levels around the perimeter of the cask. The cask exterior surface
should be decontaminated as necessary. Temporary shielding may be installed as
necessary to minimize personnel exposure.

NOT USED.
Disengage top shield plug from the lifting yoke and position the yoke clear of the cask.

Decontaminate the exposed surfaces of the DSC cylindrical shell perimeter and remove
the annulus seal.

Allow water from the annulus to drain out until the water level is approximately twelve
inches below the top edge of the DSC shell. Take swipes around the outer exposed
surface of the DSC shell and check for smearable contamination as required.

CAUTION: Radiation dose rates are expected to be high at the DSC vent and siphon
port locations. Use proper ALARA practices (e.g., use of temporary
shielding, appropriate positioning of personnel, etc.) to minimize personnel
exposure.

Prior to the start of the welding operations, drain a minimum of 100 gallons of water
from the DSC. Use I to 3 psig of helium to backfill the DSC as water is being removed.

NOT USED.
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8. Install the automated welding machine onto the inner top cover and place the inner top
_cover with the automated welding machine onto the DSC. Alternately, the inner top cover |
may be placed on the DSC separately or the inner top cover may be part of the shield
plug; in these cases the automated welding machine is installed on the inner top cover
already installed in the DSC.

9. Check radiation levels along the surface of the inner top cover plate. Temporary shielding
may be installed as necessary.

10.  Insert suitable tubing through the vent port such that it terminates just below the DSC top
shield plug. Connect the tubing to a hydrogen monitor to allow continuous monitoring of
the hydrogen atmosphere in the DSC cavity during welding of the inner top cover plate.
Optionally, other methods may be used for continuous monitoring of the hydrogen
atmosphere in the DSC cavity during welding of the inner top cover plate.

11.  Take precautions to prevent debris and weld splatter from entering the annulus.
12. Weld the inner top cover plate to the DSC shell.

CAUTION: Continuously monitor the hydrogen concentration in the DSC cavity using
the tube arrangement described in step 10 during the inner top cover plate
cutting/welding operations. Verify that the measured hydrogen
concentration does not exceed a safety limit of 2.4% [4] and [5]. If this limit
is exceeded, stop all welding operations and purge the DSC cavity with 2-3
psig helium to reduce the hydrogen concentration safely below the 2.4%
limit.

13, Perform required dye penetrant examination of the weld surface(s).
14.  NOT USED.

15.  Remove remaining bulk water from the DSC cavity. Use helium to backfill the DSC as
‘ water is being removed from the DSC. Alternately, helium at up to 15.0 psig may be
introduced through the vent port to assist removal of the water from the DSC cavity
through the siphon port.

16.  Once the water stops flowing from the DSC, close the DSC siphon port and disengage the
gas source.

17.  Connect the VDS to the cask.
NOTE: Proceed cautiously when evacuating the DSC to avoid freezing consequences.

18.  Start the VDS and draw a vacuum on the DSC cavity. The cavity pressure should be
reduced in steéps to optimize moisture removal and avoid freezing. During/between
vacuum drying steps, the pump is valved off and the cavity pressure monitored. The
cavity pressure will rise as water and other volatiles in the cavity evaporate. When the
cavity pressure stabilizes, the pump is valved in to continue the vacuum drying process. It
may be necessary to repeat some steps, depending on the rate and extent of the pressure
increase. Vacuum drying is complete when the pressure stabilizes for a minimum of 30
minutes at 3 mm Hg or less.

NOTE.: The user shall ensure that the vacuum pump is isolated from the canister
cavity when demonstrating compliance with <3 mm Hg for 30 minutes.
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19.
20.
21.
22,
23.
24.

25.

26.

Simply closing the valve between the canister and the vacuum pump is not
sufficient, as a faulty valve allows the vacuum pump to continue to draw a
vacuum on the canister. Turning off the pump, or opening the suction side

of the pump to atmosphere are examples of ways to assure that the pump is
not continuing to draw a vacuum on the canister.

CAUTION: Radiation dose rates are expected to be high at the vent and siphon port
locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

Open the valve to the vent port and allow the helium to flow into the DSC cavity.
NOT USED.
NOT USED.
NOT USED.
NOT USED.

Re-evacuate the DSC cavity. The cavity pressure should be reduced in steps
During/between vacuum drying steps, the pump is valved off and the cavity pressure
monitored. When the cavity pressure stabilizes, the pump is valved in to continue the
vacuum drying process. Vacuum drying is complete when the pressure stabilizes for a
minimum of 30 minutes at 3 mm Hg or less.

Open the valve on the vent port and allow helium to flow into the DSC cavity to
pressurize the DSC between 16.5 and 18.0 psig and hold for 10 minutes. Depressurize the
DSC cavity to 2.5 £ 1.0 psig (stable for 30 minutes).

CAUTION: Radiation dose rates are expected to be high at the vent and siphon port
locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

NOT USED.

A7.7.93 NUHOMS®-69BTH DSC Sealing Operations

CAUTION: During performance of steps listed in this section, monitor the cask/DSC
annulus water level and replenish as necessary to maintain cooling.

Disconnect the VDS from the DSC. Seal weld the prefabricated covers over the vent and
siphon ports, inject helium into the blind space just prior to completing welding, and
perform the required dye penetrant weld examination(s).

Install the outer top cover plate and the automated welding system onto the DSC.

Tack weld the outer top cover plate to the DSC shell. Place the outer top cover plate weld
root pass.

Perform a helium leakage test of the inner top cover plate and vent/siphon port plate
welds using the test port in the outer top cover plate and verify that the “leak-tight”
criterion is met. Verify that the personnel performing the leakage test are qualified in
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8.
9.

accordance with SNT-TC-1A [7]. Alternatively, this leakage test can be done with a test
head following Step 1 above. ‘

If a leak is found, remove the outer cover plate root pass (if not using a test head), the
vent and siphon port plugs and repair the inner cover plate welds. Then repeat applicable
procedure steps from Section A.7.7.9.2, step 17.

Perform dye penetrant examination of the root pass weld. Weld out the outer top cover
plate to the DSC shell and perform the required dye penetrant examination on the weld
surface(s).

Seal weld the prefabricated plug (when applicable) over the outer cover plate test port
and perform dye penetrant weld examinations.

NOT USED.

Drain the water from the cask/DSC annulus.

The cask/DSC is now ready to be prepared for downending as described in Chapter A.7, Section
A7.1.2.2.

A.7.7.9.4 Unloading a NUHOMS®-69BTH DSC to a Fuel Pool

Ll

CAUTION: The process of DSC unloading is similar to that used for DSC loading. DSC
opening operations described below are to be carefully controlled in
accordance with site procedures. This operation is to be performed under the
site’s standard health physics guidelines for welding, grinding, and handling
of potentially highly contaminated equipment. These are to include the use
of prudent housekeeping measures and monitoring of airborne particles.
Procedures may require tenting, respirators, supplied air or other measures
to contain contamination and minimize the impact on the health and safety
of workers.

NOT USED.
Remove the siphon cover plate.
Remove the vent cover plate.

Sample the DSC cavity atmosphere. If necessary, flush the DSC cavity gases to the site
radwaste systems.

CAUTION: (a) The water fill rate must be regulated during this reflooding operation to
ensure that the DSC vent pressure does not exceed 20.0 psig.

(b) Provide for continuous hydrogen monitoring of the DSC cavity
atmosphere during all subsequent cutting operations to ensure that a safety
limit of 2.4% is not exceeded [4] and [5]. Purge with 2-3 psig helium (or any |
other inert medium) as necessary to maintain the hydrogen concentration
safely below this limit.

Fill the DSC with spent fuel pool water (or other plant-designated water source) through
the siphon port with the vent port open and routed to the plant’s off-gas system.
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10.
11.
12.

13.

14.
15.
16.
17.

18.

19.
20.
21.
22,
23.

Take precautions to prevent debris from entering the cask/DSC annulus.

Remove the closure weld from the outer top cover plate.

CAUTION: Monitor the hydrogen concentration in the DSC cavity during this step to

ensure that it does not exceed 2.4% by volume [4] and [5].

Remove the DSC outer top cover plate.

Remove the closure weld from the DSC inner top cover plate.

Remove the DSC inner top cover plate.

NOT USED

Remove excess material on the DSC inside shell surface which may interfere with top

shield plug removal.

Clean the cask surface of dirt and debris that may have accumulated during transportation

or weld removal.
NOT USED.
NOT USED.

Lower the cask slowly into the fuel pool using the upper trunnions and lifting yoke.

Disengage the lifting yoke from the cask trunnions and remove the top shield plug and

hold-down ring, as applicable.

Remove the fuel assemblies (or end caps as applicable for.damaged assemblies) from the

DSC.

Remove the cask from the pool.

Remove the water from the DSC cavity and cask/DSC annulus.

Remove the DSC from the cask.

Decontaminate the cask as necessary.

NOT USED.
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A.7.7.9.5 References | I

1. ANSI N14.5-1997, “American National Standard for Radioactive Materials - Leakage
Tests on Packages for Shipment,” American National Standards Institute, Inc., New York,
1997.

Not Used.
Not Used.

4. U.S. Nuclear Regulatory Commission, Olffice of the Nuclear Material Safety and
Safeguards, “Safety Evaluation of VECTRA Technologies’ Response to Nuclear
Regulatory Commission Bulletin 96-04 for the NUHOMS®-24P and NUHOMS®-7P.”

5. U.S. Nuclear Regulatory Commission Bulletin 96-04, “Chemical, Galvanic or Other
Reactions in Spent Fuel Storage and Transportation Casks,” July 5, 1996.

6. Not used. l

SNT-TC-14, “American Society for Nondestructive Testing, Personnel Qualification and
Certification in Nondestructive Testing.”
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Appendix A.7.7.10
Radioactive Waste Canister (RWC) Wet Loading Procedures

Note: The procedure outlined below applies to the final loading of either the RWC-W or the
RWC-B prior to release for shipment. Both versions of the RWC have a top shield plug and an
outer top cover plate. Both the plug and the plate are welded in place prior to transport.

A.7.7.10.1 Wet Loading of the RWC

The starting condition for the following steps assumes completion of the cask preparation steps
in Section A.7.1.2.

1.
2
3.
4

10.
1.
12.

13.
14.
15.

Lift the cask and position it over the cask loading area of the spent fuel pool.
Lower the cask into the fuel pool.
Place the cask in the location of the fuel pool used for the cask loading area.

Disengage the lifting yoke from the cask lifting trunnions and move the yoke clear of the
cask.

Load the RWC cavity. Record contents and location on the cask loading report to the
extent practical.

Install the liner shield plug (RWC-W), as applicable, and then install the RWC top shield
plug.

NOT USED.

NOT USED.

Inspect the shield plug/lid to verify that it is properly seated within the RWC. Repeat
steps 6 through 8 as necessary.

NOT USED.
Drain any excess water from the top of the RWC back to the fuel pool.

Check the radiation levels at the center of the top shield plug and around the perimeter of
the cask.

NOT USED.
Lift the cask from the fuel pool.

Move the cask to the plant designated preparation area.
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A.7.7.10.2  RWC Drying and Backfilling

1.

10.
11.
12.
13.
14.
15.

16.
17.

18.

19.

Check the radiation levels along the perimeter of the cask. The cask exterior surface
should be decontaminated as necessary. Temporary shielding may be installed as
necessary to minimize personnel exposure.

NOT USED. :
Disengage top shield plug from the lifting yoke and position the yoke clear of the cask.

Decontaminate the exposed surfaces of the RWC cylindﬁcal shell perimeter and remove
the annulus seal.

Allow water from the annulus to drain out until the water level is approximately twelve
inches below the top edge of the RWC shell. Take swipes around the outer exposed
surface of the RWC shell and check for smearable contamination as required.

CAUTION: Radiation dose rates are expected to be high at the RWC vent and siphon
port locations. Use proper ALARA practices (e.g., use of temporary
shielding, appropriate positioning of personnel, etc.) to minimize personnel
exposure.

Prior to the start of welding operations drain approximately 100 gallons of water from the
RWC.

NOT USED.
Install the automated welding machine onto the top shield plug.

Check radiation levels along the surface of the top shield plug. Temporary shielding may
be installed as necessary.

Take precautions to prevent debris and weld splatter from entering the annulus.
Weld the top shield to the RWC shell.

Perform required dye penetrant examination of the weld surface(s).

NOT USED.

Remove remaining bulk water from the RWC cavity.

Once the water stops flowing from the RWC, close the RWC siphon port and disengage
the gas source.

Connect the VDS to the cask.

Start the VDS and draw a vacuum on the RWC cavity until dry. That is, until a vacuum of
approximately 10 mbar can be maintained for 10 minutes.

Use air or helium to pressurize the RWC to 2.5 + 1.0 psig backfill pressure (stable for 30 |
minutes).

CAUTION: Radiation dose rates are expected to be high at the vent and siphon port
locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

Close the line connected to the vent port.
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A.7.7.10.3 RWC Sealing Operations

1.

Disconnect the VDS from the RWC. Seal weld the prefabricated covers over the vent and
siphon ports and perform the required dye penetrant weld examination(s). |

Install the outer top cover plate and the automated welding system onto the RWC.

Tack weld the outer top cover plate to the RWC shell. Place the outer top cover plate
weld root pass.

Perform dye penetrant examination of the root pass weld. Weld out the outer top cover
plate to the RWC shell and perform the required dye penetrant examination on the weld
surface(s).

Remove the automated welding machine from the RWC.

Drain the water from the cask/RWC annulus. |

~ The cask/RWC is now ready to be prepared for downending as described in Chapter A.7, Section
A7.1.2.2.
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Chapter A.8
Acceptance Tests and Maintenance Program

NOTE: References in this Chapter are shown as [1], [2], etc. and refer to the reference list in
Section A.8.3.

A.8.1  Acceptance Tests

The following reviews, inspections, and tests shall be performed on the NUHOMS®-MP197HB
packaging prior to initial transport. Many of these tests will be performed at the fabricator’s
facility prior to delivery of the cask or dry shielded canister (DSC) to the utility for use. Tests
will be performed in accordance with written procedures. '

A.8.1.1  Visual Inspection and Measurements

Visual inspections are performed at the fabricator’s facility to ensure that the packaging
conforms to the drawings and specifications. The visual inspections include:

cleanliness inspections,
visual weld inspections as required by ASME Code [1],
inspection of sealing surface finish, and

dimensional inspections for conformance with the drawings included in
Chapter A.1, Appendix A.1.4.10.

A.8.1.2 Weld Examinations

The structural materials are chemically and physically tested to confirm that the required
properties are met.

To the maximum extent practical, all welding is performed using qualified processes and
qualified personnel, according to the ASME Boiler and the Pressure Vessel Code [1]. Base
materials and welds are examined in accordance with the ASME Boiler and Pressure Vessel
Code requirements. NDE requirements for welds are specified on the drawings provided in
Appendix A.1.4.10. All NDE is performed in accordance with written procedures. The
inspection personnel are qualified in accordance with SNT-TC-1A [2].

" The containment welds of the NUHOMS®-MP197HB cask, and the NUHOMS®-DSCs are -
designed, fabricated, tested and inspected in accordance with ASME B&PV Code Subsection

NB. Welds of the noncontainment structure are inspected as per the NDE acceptance criteria of
ASME B&PV Code, Subsection NF.

The NUHOMS®-DSC fuel baskets are designed, fabricated, and inspected in accordance with the
ASME B&PV Code Subsection NG. Fusion weld tests as required are shown on drawings
provided in Appendix A.1.4.10.

Alternatives to the code are described in Chapter A.2, Section A.2.1.4 and Appendix A.2.13.13.
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A.8.1.3 Structural and Pressure Tests
A.8.1.3.1 Load Tests

Two sets of trunnions are provided for the NUHOMS®-MP197HB transport package lifting. One
set of trunnions has double shoulders (non-single failure proof). The other set of trunnions has a
single shoulder (single failure proof). Only one set of trunnions is used depending on site and
transfer operation requirements. The trunnions are fabricated and tested in accordance with
ANSI N14.6 [3]. A load test of 3.0 times the design lift load (for single failure proof trunnions)
or 1.5 times the design lift load (for non-single failure proof trunnions) is applied to the trunnions
for a period of ten minutes, to ensure that the trunnions can perform satisfactorily.

A force equal to 1.5 times the impact limiter weight will be applied to the hoist rings of each
impact limiter for a period of ten (10) minutes. At the conclusion of the test, the impact limiter
hoist rings will be visually examined for defects and permanent deformation.

A.8.1.3.2 Pressure Tests

A pressure test is performed on the NUHOMS®-MP197HB packaging assembly at a pressure
between 40.0 and 45.0 psig. This is well above 1.5 times the maximum normal operating
pressure of 12.7 psig (Chapter A.3, Table A.3-20). The test pressure is held for a minimum of 10
minutes. The test is performed in accordance with ASME B&PV Code, Section III, Subsection
NB, Paragraph NB-6200 or NB-6300. All visible joints/surfaces are visually examined for
possible leakage after application of the pressure.

In addition, a bubble leakage test is performed on the resin enclosure. The purpose of this test is
to identify any potential leakage passages in the enclosure welds.

A.8.1.4  Containment Boundary Leakage Tests

A.8.1.4.1 MP197HB Cask Leakage Tests

Leakage tests are performed on the MP197HB cask containment boundary prior to first use,
typically at the fabricator’s facility. The fabrication verification leakage test can be separated into
the following five tests: 1) cask leakage integrity, 2) cask vent port closure bolt seal integrity, 3)
cask drain port closure bolt seal integrity, 4) cask lid seal integrity, and 5) ram access closure
plate seal integrity. These tests are usually performed using the helium mass spectrometer
method. Alternative methods are acceptable, provided that the required sensitivity is achieved.
The leakage test is performed in accordance with ANSI N14.5 [4] or ISO-12807 [11]. The
personnel performing the leakage test are qualified in accordance with SNT-TC-1A [2].

Cask Leakage Integrity Test

Prior to lead pour and final machining of the inner shell, the cylindrical portion of the
containment boundary, including the bottom end closure, will be leakage tested in accordance
with the requirements of ANSI N14.5 [4] or ISO-12807 [11], using temporary closures and seals
for the ram access cover plate and lid. Because the inner shell will not be accessible for leakage
testing after lead is poured, leakage testing will be performed during the fabrication process, as
permitted by ANSI N14.5 Table 1 [4].
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If a leakage is discovered, the source will be determined, repaired, and the shells retested to
ensure that the measured leakage rate is less than 1x107 ref cm?/s.

The test will be performed in conjunction with the non-destructive examination of the inner shell
welds in accordance with ASME B&PVC Code, Section 111, Subsection NB. An MT or PT
examination of every weld layer in the shell-to-top-forging closure weld and an MT or PT
examination of all final machined weld surfaces of the inner shell will be performed per the
Code.

Fabrication Verification Leakage Tests
The fabrication verification leakage tests include the following:

e Cask vent port closure bolt seal integrity

e Cask drain port closure bolt seal integrity

e Cask lid seal integrity .

e Cask ram access closure plate seal integrity

The tests will be performed as described in Chapter A.7, Section A.7.4.1, in dccordance with the
ANSI N 14.5 [4] or ISO-12807 [11]. The acceptance criterion requires each component to be
individually leaktight, that is, the leakage rate must be less than 1x107 ref cm?/s.

A8.142  NUHOMS® DSCs Leakage Test

The containment boundary of a NUHOMS® DSC is leakage tested to verify it is leaktight in
accordance with ANSI N14.5 [4] or ISO-12807 [11]. The leakage tests are typically performed
using the helium mass spectrometer method. Alternative methods are acceptable, provided that
the required sensitivity is achieved. Following completion of the welding of the DSC inner top
cover plate and siphon and vent cover plates, these welds are leakage tested to < 1.0 x 107 ref
cm’/s.

If the leakage rate exceeds this criteria, the inner top cover plate seal weld and siphon and vent
cover plate welds will be inspected and repaired where necessary.

For the 24PT4 DSC, the leakage test requirements outlined in CoC 1029 are used to demonstrate
leaktightness in lieu of the above criteria.

A.8.1.5 MP197HB Cask Component and Material Tests
A8.15.1 Valves, Rupture Discs, and Fluid Transport Devices’

There are no valves, rupture discs, or couplings in the containment of the NUHOMS®-MP197HB
packaging.
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A.8.1.7  Neutron Absorber Tests

The neutron absorber used for criticality control in the DSC baskets may consist of any of the
following types of material. Depending on the DSC model, these neutron absorber materials may
be used alone or be paired with aluminum:

(a) Boron-aluminum alloy (borated aluminum)
(b) Boron carbide/Aluminum metal matrix composite (MMC)
(c) Boral®

These materials only serve as neutron absorber for criticality control and as heat conduction
paths. The MP197HB packaging safety analyses do not rely upon their mechanical strength. The
radiation and temperature environment in the cask is not sufficiently severe to damage these
metallic/ceramic materials. To assure performance of the neutron absorber’s design function only
the presence of B10 and the uniformity of its distribution need to be verified, with testing
requirements specific to each material. The boron content of these materials is given in the
Appendices A.1.4 for each DSC type.

References to metal matrix composites throughout this chapter are not intended to refer to
Boral®, which is described later in this section.

A.8.1.7.1 Boron Aluminum Alloy (Borated Aluminum)

The material is produced by direct chill (DC) or permanent mold casting with boron precipitating
primarily as a uniform fine dispersion of discrete AiB; or TiB; particles in the matrix of
aluminum or aluminum alloy (other boron compounds, such as A1B,, can also occur). For
extruded products, the TiB; form of the alloy shall be used. For rolled products, either the AlB,,
the TiB,, or a hybrid may be used.
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Boron is added to the aluminum in the quantity necessary to provide the specified minimum B10
areal density in the final product. The amount required to achieve the specified minimum B10
areal density will depend on whether boron with the natural isotopic distribution of the isotopes
B10 and B11, or boron enriched in B10 is used. In no case shall the boron content in the
aluminum or aluminum alloy exceed 5% by weight.

The criticality calculations take credit for 90% of the minimum specified B10 areal density of
borated aluminum. The basis for this credit is the B10 areal density acceptance testing, which
shall be as specified in Section A.8.1.7.6. The specified acceptance testing assures that at any
location in the material, the minimum specified areal density of B10 will be found with 95%
probability and 95% confidence.

A.8.1.7.2 Boron Carbide/Aluminum Metal Matrix Composites (MMC)

The material is a composite of fine boron carbide particles in an aluminum or aluminum alloy |
matrix. The material shall be produced by either direct chill casting, permanent mold casting,
powder metallurgy, or thermal spray techniques. The boron carbide content shall not exceed 40%
by volume. The boron carbide content for MMCs with an integral aluminum cladding shall not
exceed 50% by volume.

The final MMC product shall have density greater than 98% of theoretical density demonstrated
by qualification testing, with no more than 0.5 volume % interconnected porosity. For MMC
with an integral cladding, the final density of the core shall be greater than 97% of theoretical
density demonstrated by qualification testing, with no more than 0.5 volume % interconnected
porosity of the core and cladding as a unit of the final product. '

Boron carbide particles for the products considered here shall be smaller than 40 microns or less. |
No more than 10% of the particles shall be over 60 microns.

Prior to use in the DSC, MMC:s shall pass the qualification testing specified in Section A.8.1.7.7,
and shall subsequently be subject to the process controls specified in Section A.8.1.7.8.

The criticality calculations take credit for 90% of the minimum specified B10 areal density of
MMCs. The basis for this credit is the B10 areal density acceptance testing, which is specified in
Section A.8.1.7.6. The specified acceptance testing assures that at any location in the final
product, the minimum specified areal density of B10 will be found with 95% probability and
95% confidence.

A8.1.73 Boral®

This material consists of a core of aluminum and boron carbide powders between two outer
layers of aluminum, mechanically bonded by hot-rolling an “ingot” consisting of an aluminum
box filled with blended boron carbide and aluminum powders. The core, which is exposed at the
edges of the sheet, is slightly porous. Before rolling, at least 80% by weight of the B,C particals
in BORAL® shall be smaller than 200 microns. The nominal boron carbide content shall be
limited to 65% (+ 2% tolerance limit) of the core by weight.
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The criticality calculations take credit for 75% of the minimum specified B10 areal density of
Boral®. B10 areal density will be verified by chemical analysis and by certification of the B10
isotopic fraction for the boron carbide powder, or by neutron transmission testing. Areal density
testing is performed on a coupon taken from the sheet produced from each ingot. If the measured
areal density is below that specified, all the material produced from that ingot will be either
rejected, or accepted only on the basis of alternate verification of B10 areal density for each of
the final pieces produced from that ingot.

A.8.1.74 Visual Inspections of Neutron Absorbers

Neutron absorbers shall be 100% visually inspected in accordance with the Certificate Holder's
QA procedures. Material that does not meet the following acceptance criteria shall be reworked,
repaired, or scrapped. Blisters shall be treated as non-conforming. Inspection of MMCs with an
integral aluminum cladding shall also include verification that the matrix is not exposed through
the faces of the aluminum cladding and that solid aluminum is not present at the edges. For
Boral, visual inspection shall verify that there are no cracks through the cladding, exposed core
on the face of the sheet, or solid aluminum at the edge of the sheet.

A8.1.7.5 Other Visual Inspections Criteria (non-CoC Conditions)

For borated aluminum and MMC:s, visual inspections shall follow the recommendations in
Aluminum Standards and Data, Chapter 4 “Quality Control, Visual Inspection of Aluminum Mill
Products and Castings”[12]. Local or cosmetic conditions such as scratches, nicks, die lines,
inclusions, abrasion, isolated pores, or discoloration are acceptable.

A.8.1.7.6 Specification for Acceptance Testing of Neutron Absorbers by Neutron
Transmission

A.8.1.7.6a  Neutron Transmission acceptance testing procedures shall be subject to approval
by the Certificate Holder. Test coupons shall be removed from the rolled or extruded production
material at locations that are systematically or probabilistically distributed throughout the lot.
Test coupons shall not exhibit physical defects that would not be acceptable in the finished
product, or that would preclude an accurate measurement of the coupon’s physical thickness.
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Any plate which is thinner than the statistically derived minimum thickness from Section
A.8.1.7.6a or the minimum design thickness, whichever is greater, shall be treated as non-
conforming, with the following exception. Local depressions are acceptable, so long as they total
no more than 0.5% of the area on any given plate, and the thickness at their location is not less
than 90% of the minimum design thickness. Edge effects due to manufacturing operations such
as shearing, deburring, and chamfering need not be included in this determination.

Non-conforming material shall be evaluated for acceptance in accordance with the Certificate
‘Holder’s QA procedures.

A8.1.7.7 Specification for Qualification Testing of Metal Matrix Composites

A.8.1.7.7.1  Applicability and Scope

Metal matrix composites (MMCs) acceptable for use in the DSCs are described in Section
A8.1.7.2.

Prior to initial use in a spent fuel transport system, such MMCs shall be subjected to
qualification testing that will verify that the product satisfies the design function. Key process
controls shall be identified per Section A.8.1.7.8 so that the production material is equivalent to
or better than the qualification test material. Changes to key processes shall be subject to
qualification before use of such material in a spent fuel dry storage or transport system.

ASTM test methods and practices are referenced below for guidance. Alternative methods may
be used with the approval of the certificate holder.

A.8.1.7.7.2  Design Requirements

In order to perform its design functions the product must have at a minimum sufficient strength
and ductility for manufacturing and for the normal and accident conditions of the transport
system. This is demonstrated by the tests in Section A.8.1.7.7.4. It must have a uniform
distribution of boron carbide. This is demonstrated by the tests in Section A.8.1.7.7.5.

A8.1.7.73  Durability

There is no need to include accelerated radiation damage testing in the qualification. Such testing
has already been performed on MMCs, and the results confirm what would be expected of
materials that fall within the limits of applicability cited above. Metals and ceramics do not
experience measurable changes in mechamcal properties due to fast neutron ﬂuences typical over
the lifetime of spent fuel transport, about 10'® neutrons/cm’.

The need for thermal damage and corrosion (hydrogen generation) testing shall be evaluated
case-by-case based on comparison of the material composition and environmental conditions
with previous thermal or corrosion testing of MMCs.
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Thermal damage testing is not required for unclad MMCs consisting only of boron carbide in an
aluminum 1100 matrix, because there is no reaction between aluminum and boron carbide below
842°F, well above the basket temperature under normal conditions of transport'.

Corrosion testing is not required for MMCs (clad or unclad) consisting only of boron carbide in
an aluminum 1100 matrix, because testing on one such material has already been performed by
Transnuclear’.

A.8.1.7.7.3.1 Delamination Testing of Clad MMC

Clad MMCs shall be subjected to thermal damage testing following water immersion to ensure
that delamination does not occur under normal conditions of storage. This testing shall include
conditions to simulate water conditions of the pool and heating temperatures for storage. An
example of such a test would be: (1) immerse a specimen at least 6 x 6 inches in water under
pressure 230 psig for at least 24 hours, (2) place the specimen in a vacuum furnace preheated to
at least 300°F and evacuate the furnace. Acceptance criterion for the test shall be no blistering
or delamination of the cladding.

A.8.1.7.7.4  Required Qualification Tests and Examinations to Demonstrate Mechanical
Integrity

At least three samples, one each from approximately the two ends and middle of the qualification
material run shall be subject to:

a) room temperature tensile testing (ASTM- B557%) demonstrating that the material has the
following tensile properties:

e  Minimum yield strength, 0.2% offset: 1.5 ksi
e Minimum ultimate strength: 5 ksi

e  Minimum elongation in 2 inches: 0.5%

As an alternative to the elongation requirement, ductility may be demonstrated by bend testing
per ASTM E290*. The radius of the pin or mandrel shall be no greater than three times the
material thickness, and the material shall be bent at least 90 degrees without complete fracture,

b) Testing to verify more than 98% of theoretical density for non-clad MMCs and 97% for the
matrix of clad MMC:s. Testing or examination for interconnected porosity on the faces and
edges of unclad MMC, and on the edges of clad MMC shall be performed by a means to be
approved by the Certificate Holder. The maximum interconnected porosity is 0.5 volume
%, and for at least one sample,

Sung, C., “Microstructural Observation of Thermally Aged and Irradiated Aluminum/Boron Carbide (B,C)
Metal Matrix Composite by Transmission and Scanning Electron Microscope,” 1998.

2 Boralyn testing submitted to the NRC under docket 71-1027, 1998.

ASTM B557 Standard Test Methods of Tension Testing Wrought and Cast Aluminum and Magnesium-Alloy
Products

*  ASTM E290, Standard Methods for Bend Testing of Materials for Ductility.
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¢) For MMCs with an integral aluminum cladding, thermal durability testing demonstrating
that after a minimum 24 hour soak in either pure or borated water, then insertion into a
preheated oven at approximately 825°F for a minimum of 24 hours, the specimens are free
of blisters and delamination and pass the mechanical testing requirements described in test
‘a’ of this section.

A.8.1.7.7.5 Required Tests and Examinations to Demonstrate B10 Uniformity
Uniformity of the boron distribution shall be verified either by:

a) Neutron radioscopy of material from the ends and middle of the test material production
run, verifying no more than 10% difference between the minimum and maximum B10 areal
density, or _

b) Quantitative testing for the B10 areal density, B10 density, or the boron carbide weight
fraction, on locations distributed over the test material production run, verifying that one
standard deviation in the sample is less than 10% of the sample mean. Testing may be
performed by a neutron transmission method similar to that specified in Section A.8.1.7.6,
or by chemical analysis for boron carbide content in the composite.

A.8.1.7.7.6  Approval of Procedures
Qualification procedures shall be subject to approval by the Certificate Holder.

A8.1.7.8 Specification for Process Controls for Metal Matrix Composites

This section provides process controls to ensure that the material delivered for use is equivalent
to the qualificaion test material.

A.8.1.7.8.1  Applicability and Scope

Key processing changes shall be subject to qualification prior to use of the material produced by
the revised process. The Certificate Holder shall determine whether a complete or partial re-
qualification program per Section A.8.1.7.7 is required, depending on the characteristics of the
material that could be affected by the process change.

A.8.1.7.8.2  Definition of Key Process Changes

Key process changes are those which could adversely affect the uniform distribution of the boron
carbide in the aluminum, reduce density, reduce corrosion resistance, or reduce the mechanical
strength or ductility of the MMC.

A.8.1.7.8.3  Identification and Control of Key Process Changes

The manufacturer shall provide the Certificate Holder with a description of materials and process
controls used in producing the MMC. The Certificate Holder and manufacturer shall identify key
process changes as defined in Section A.8.1.7.8.2.
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A8.1.7.9 Neutron Absorber for DSCs Already Loaded and DSCs Under Fabrication

The neutron absorber tests and acceptance criteria as described in Section A.8.1.7.1 through
Section A.8.1.7.8 are only applicable to all the canister types that will be loaded in the spent fuel
pool using the MP197HB cask. However, for canister types which are already in service under
10CFR Part72, the neutron absorber material acceptance requirements for each specific canister
type as described in the applicable 10CFR Part72 approved certificate of compliance are
applicable.

A.8.1.8 Cask Thermal Tests

The thermal evaluation of the MP197HB cask described in Chapter A.3 is performed using very
conservative and bounding assumptions. Gaps between the components are modeled in the
thermal analysis to account for possible gaps expected during fabrication. Gaps are assumed to
be present during NCT and HAC post fire cases when calculating heat flow out of the cask and
gaps are assumed closed when calculating heat flow into the cask (i.e., during the HAC fire).
The calculated cladding temperatures are much lower than the cladding temperature limit,
assuring large margins to the limits. The cladding temperatures reported for the DSCs are very
conservative because the allowed heat loads for a given DSC are reduced until the calculated
DSC shell temperature in the MP197HB cask is below that calculated for storage conditions in
the applicable 10 CFR Part 72 license. The reported cladding temperature is that of the higher
heat load allowed under storage conditions with the same or higher DSC shell temperature.

However, to provide additional assurance that the thermal performance of the fabricated cask is
equal to or exceeds the theoretical performance reported in the SAR, a thermal test is performed
after fabrication of MP197HB cask.

Heat dissipation for the MP197HB cask to the ambient occurs three-dimensionally with a
significant portion of the design heat load being radially dissipated through the neutron shield
region of the cask body. The cask top and bottom ends beyond the neutron shield region are
covered by the impact limiters. Due to limited contact between the thermal shields and the cask
end plates (cask bottom plate and cask lid) and the insulating properties of wood within the
impact limiters, the heat dissipation in the axial direction is largely restricted and is insignificant
in comparison to the radial heat dissipation.

The thermal test measures the effective thermal conductivity of a cask in the radial direction over
an approximately 10-ft exposed length within the neutron shield region. These measured thermal
conductivities will be used as thermal input into the ANSYS model described in the SAR,
Chapter A.3, Section A.3.3.1.1 for the NCT thermal analysis. The temperature distribution
computed with the measured conductivity of the cask is then compared against the corresponding
values in the SAR, Chapter A.3, Table A.3-8, and A.3-10 to demonstrate the thermal
performance of the fabricated cask is equal to or exceeds the theoretical performance reported in
the SAR.

A.8.1.9  Neutron Absorber Thermal Conductivity Testing

Acceptance testing shall conform to ASTM E1225, ASTM E1461, or equivalent method,
performed at room temperature on coupons taken from the rolled or extruded production
material. Initial sampling shall be one test per lot, and may be reduced if the first five tests meet
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the specified minimum thermal conductivity. For cast produéts, the lot shall be defined by the
-heat or ingot. For other products, the lot shall be defined as material produced in a single
production campaign using the same heat or lots of aluminum and boron carbide feed materials.

If a thermal conductivity test result is below the specified minimum, at least four additional tests
shall be performed on the material from that lot. If the mean value of those tests, including the
original test, falls below the specified minimum, the associated lot shall be rejected.

After twenty five tests of a single type of material, with the same aluminum alloy matrix, the same
boron content, and the same primary boron phase, e.g., B,C, TiB,, or AlB;, if the mean value of
all the test results less two standard deviations meets the specified thermal conductivity, no
further testing of that material is required. This exemption may also be applied to the same type
of material if the matrix of the material changes to a more thermally conductive alloy (e.g., from
6000 to 1000 series aluminum), or if the boron content is reduced without changing the boron
phase.

The measured thermal conductivity values shall satisfy the minimum required conductivities as
shown in Section A.3.2.1, Table 17 for HLZC #1, #2 and #3, and in Section A.3.2.1, Table 19 for
HLZC #4. '

In cases where the specified thickness of the neutron absorber may vary, the equations
introduced in Section A.3.3.1.5 shall be used to determine the minimum required effective
thermal conductivity.

The thermal conductivity test requirement does not apply to aluminum that is paired with the
neutron absorber.

A.8.2  Maintenance Program
A.8.2.1  Structural and Pressure Tests

Within 14 months prior to any lift of a NUHOMS®-MP197HB transport package, the front
trunnions shall be subject to either of the following:

o A test load equal to 300% of the maximum service load per ANSI N14.6 [3], paragraph
7.3.1(a) for single failure proof trunnions or a test load equal to 150% of the maximum
service load per ANSI N14.6 [3], paragraph 7.3.1(b) for non-single failure proof
trunnions. After sustaining the test load for a period of not less than 10 minutes,
accessible critical areas shall be subjected to visual inspection for defects, and all
components shall be inspected for permanent deformation.

¢ Dimensional testing, visual inspection and nondestructive examination of accessible
critical areas of the trunnions including the bearing surfaces in accordance with
Paragraph 6.3.1 of ANSI N14.6 [3].

A.8.2.2 Leakage Tests

The following containment boundary components shall be subject to periodic maintenance, and
preshipment leakage testing in accordance with ANSI N14.5 [4] or ISO-12807 [11]:
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e Lid
e Ram Access Closure Plate
e Vent Port
¢ Drain Port
Typical Method
(ANSI N14.5
Test Frequency Acceptance Criteria TABLE A-1, [4)
.o Within 12 months prior to | Each component individually < (He)
Periodic shipment 1x107 ref cm®/ AS3
P retems A5.4
Before each shipment, after | No detected leakage, sensitivity :g;
Pre-shipment | the contents are loaded and | of 107 ref cm®/s or better, unless A. 5.8
the package is closed seal is replaced. A‘ 5'9
After maintenance, repair, (He)
. or replacement of Each component individually <
Maintenance . 7 3 A.53
containment components, 1x107 ref cm’/s A5.4

including inner seals

No leakage tests are required prior to shipment of an empty NUHOMS®-MP197HB packaging.
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AB3

1.

12.
13.
14.

15.

References

ASME Boiler and Pressure Vessel Code, Section 111, 2004 Edition including 2006 addenda.
(For the MP197HB; various editions apply to specific DSCs. See Chapter A.2 for specific
applications).

SNT-TC-1A, “American Society for Nondestructive Testing, Personnel Qualification and
Certification in Nondestructive Testing.”

ANSI N14.6-1993, “American National Standard for Special Lifting Devices for Shipping
Containers Weighing 10,000 Pounds or More for Nuclear Materials,” New York.

ANSI N14.5-1997, “American National Standard for Leakage Tests on Packages for
Shipment of Radioactive Materials.”

Not Used.
Not Used.
Not Used.
Not Used.
Not Used.
Not Used.

ISO-12807, “Safe transport of radioactive material - Leakage testing on packages,” First
Edition, 1996.

“Aluminum Standards and Data, 2003,” The Aluminum Association.
Natrella, “Experimental Statistics,” Dover, 2005.

ASTM E1225, “Thermal Conductivity of Solids by Means of the Guarded-Comparative-
Longitudinal Heat Flow Technique.”

ASTM E1461, “Thermal Diffusivity of Solids by the Flash Method.”
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Report of dose rate measurements performed on two TN-32
storage casks (associated with RAI 5-2)
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_N50-T23-286
Qctober 6, 1998

Ms. Tara J. Neider

Vice President, Engineering
Transnuclear, Inc.

Four Skyline Drive

Hawthorne, New York 10532-2120

Dear Ms. Neider:

Radiation Survey Measurements

Purchase Orders BNT-403169 and BNT-544677
TN-32 Spent Fuel Storage Casks

Surry and North Anna Power Stations

Neutron and gamma radiation surveys were obtained from casks TN-32.05 and TN-
32.07 at Surry Power Station on September 30, 1998. Two different forms were used
to record the data. One form was developed for field measurements. The data from
the field measurements were then transcribed to Surry Radiological Survey maps,
which also identify the instruments used to make the measurements. The survey data,
on both sets of forms, are included as Attachment 1. The neutron measurements
recorded on these forms have not been corrected for the cask surface neutron
spectrum. Therefore, all neutron measurements recorded on the attached forms must
be divided by two to properly reflect the actual neutron dose rates. Additionally, the fuel
assemblies in cask TN-32.05 have BPRAs whereas the fuel assemblies in cask TN-
32.07 do not.

In addition, axial and azimuthal sweeps were performed along the surface of the casks
to determine if the effect of the cobalt-60 in the Inconel grid spacers or neutron
streaming through the aluminum resin boxes could be measured. A constant gamma
dose rate was measured during the axial sweeps (over three feet in length) and
azimuthal sweeps on both casks. Therefore, the effect of cobalt-60 in the grid spacers
was not evident. Also, | confirmed that all fuel assemblies loaded in these two casks
were manufactured with Inconel grid straps, and not Zircaloy grid straps.
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Letter N50-723-286
To Ms. Tara J. Neider
October 6, 1998
Page 2 of 2

The azimuthal sweep (as well as the axial sweep) indicated a slight variation in neutron
dose rates. The variations ranged from 2 mr/hr (uncorrected) for the azimuthal sweep
and 6 mr/hr (uncorrected) for the axial sweep. The variations in azimuthal neutron
surface dose rates were not coincident with the pitch of the aluminum resin boxes, and
neutron streaming through the aluminum resin boxes was not observed. The variation
in neutron dose rate observed in the axial sweep is likely to be the result of other
factors such as the varying axial neutron source term from the fuel and scattering from
the concrete, rather than the aluminum resin boxes. :

Provided as Attachment 2 are copies of the signed ISFSI Fuel Certifications and Cask
Loading Maps for TN-32.05 and TN-32.07. These forms identify the average neutron
and gamma source emission rates for the fuel assemblies loaded into casks TN-32.05
and TN-32.07. The loading maps indicate the positions where the fuel assemblies are
loaded in the casks. For reference, the trunnions are located on the North-South axis.

Please feel free to contact me at (804) 273-3243 if you have any questions regarding
these data.

Very truly yours,

’T;iﬂ.w

Tom A. Brookmire
Senior Staff Engineer

Attachments

cc: Ms. Adelaide Giantelli — Transnuclear, Inc.

bc:  Mr. N. P. Wolfhope - IN/3SW (w/o Attachments)
Mr. D. P. Batalo — IN/3SW
Mr. T. A. Brookmire — IN/3SW
FPA File 5.2.7 - IN/3SW
Records Mgt. NP-50 & NP-2884 - IN/GW
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ATTACHMENT 1
NEUTRON AND GAMMA SURVEYS
TN-32.05 AND TN-32.07
SEPTEMBER 30, 1998
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Enclosure 9 to TN-E-30577
ISFSI FUEL CERTIFICATION, REV. 0
TN-32, NO. 07

o
-~

< 3.85 w/o U235

<. 40,000 MWD/MTU
X 847 Watts

> 2,555 Days

é atial Enrichment

3urnup

Decay Heat/Fuel Assembly

Time Since Discharge

Intact, Unconsolidated Surry Fue! Only
Other Parameters

Fuel Rod Internal Pressure After 2,555 Days
Gamma Source/Cask

Neutron Source/Cask '

< 126.3 Bar
< 2.31E+ 17 Photons/Sec
< 4.84E+09 Neutrons/Sec

Insert tnitial Heat At Days From | Fuel Rod Gamma Neutron

Component Enrichment Burnup 3/1/98 Discharge Pressure Source Source

F/IA 1D 1D {w/o) MWD/MTU {Watts) To 3/1/98 {Bar) (P/Sec) {N/Sec)
4C0 N/A 3.40 37,198 667 2,703 85.7 2.86E+15 1.30E+08
2Ca4 N/A 3.40 38,384 729 2,703 92.7 3.32E+ 15 1.55E+08
2E2 N/A 3.60 36,536 793 2,703 94.0 3.68E+15 1.69E+08
S5E4 NJ/A 3.60 39,964 793 2,703 94.0 3.69E+15 1.69E+08
oP1 N/A 3.61 32,646 525 4,729 85.0 . 2.36E+15 5.96E + 07
4P4 N/A 3.61 32,267 525 4,729 85.0 2.36E+15 5.96E+07
5P2 N/A 3.61 30,280 480 4,729 85.0 2.18E+15 4.18E+07
SP4 N/A 3.61 32,824 525 4,729 85.0 2.36E+15 5.96E+07
5P5 N/A 3.61 30,118 480 4,729 85.0 2.18€E+15 4.18E+07
6P5 N/A 3.61 32,658 525 4,729 85.0 2.36E+15 5.96E+07
6P7 N/A 3.61 35,702 580 4,728 85.0 2.57E4+15 8.67E+07
OP8 N/A 3.61 36,410 669 3,459 . 834 3.01E+15 1.22E+08
1P2 - N/A 3.61 36,677 669 3,458 83.4 3.01E+15 1.22E+08
1P8 " N/A 3.61 37,426 669 3,459 83.4 3.01E+15 1.22E+08
2P0 N/A 3.61 39,431 708 3,459 83.4 3.15E+15 1.48E+08
2P1 N/A 3.81 38,908 708 3,459 83.4 3.15E+15 1.48e+08
2P2 N/A 361 36,478 669 3,459 83.4 3.01E+ 15 1.22E+08
2P4 N/A 3.61 38,731 708 3,459 83.4 3.15E+15 1.48E+08
2P6 NIA 3.61 37,745 669 . 3,459 83.4 3.01E+15 1.22E+08
3P N/A 3.61 38,650 708 3,459 83.4 3.15E+ 15 1.48E+08
3P4 N/A 3.61 36,716 669 3,459 83.4 3.01E+ 15 1.22E+08
4P2 N/A 3.61 38,447 708 3.459 83.4 3.15E+ 15 1.48E+08
4P3 NIA 3.61 37,305 669 3,459 83.4 3.01E+15 1.22E+08
4P6 N/A 3.61 36,868 669 3,459 83.4 3.01E+15 1.22E+08
5P3 N/A 3.61 38,616 708 3,459 83.4 3.16E+ 15 1.48€+08
5P8 N/A 3.61 38,643 708 3,459 83.4 3.16E+15 1.48E+08
OR8 NI/A 3.59 36,837 662 3,459 86.8 3.04E+15 1.12E+08
S5R2 N/A 3.59 36,377 . 662 3,459 86.8 3.04E+ 15 1.12E+08
BR6 N/A 3.59 36,386 662 3,459 86.8 3.04E + 15 1.12E4+08
5R9 N/A 3.59 36,583 662 3,459 86.8 3.04E+15 1.12E+08
1R4 N/A 3.59 37,363 660 3,613 89.8 3.01E+ 15 1.16E+08
0ss8 N/A 3.60 32,611 593 3,459 92.2 2.84E+15 6.62E+07
Totals 20,831 9.417E+16 3.67E+09

This is to certify that the Surry Power Station fuel assemblies listed above for the T1N-32 storage

cask No. 7 do not exceed Techmcal Specifications and other limits

Prepared Date Reviewed Date )
mw s fufaz Cron ) Aatpn (18193
Reviewed Date ‘Reviewed Date
207 pbofln.  SIsT7E
rove ate



Enclosure 9 to TN-E—30577
CASK LOADING MAP, REV. O

TN-32, NO. 07
&i No.
FIA D
Insert ID
Comment
EAST
1 2 3 4
4pP4 5P2 5P4 3P4
No Insert No Insert No Insert No Insert
5 6 7 8 9 10 :
OP1 OP8 2C4 2E2 1P8 6P5
No insert No Insert No Insert No Insert No insert No Insert
11 12 13 14 - 15 16
6P7 4C0 1P2 2P1 2P0 5P5
No Insert No insert No Insert No insert No Insert No Insert
217 18 19 20 21 22
@ > 2P4 4p2 3P 5E4 ORB
No-insert No Insert No insert, No Insert No Insert No Insert
1123 24 25 26 4 27 28
4P3 4P6 5P3 - 5P8 2P6 5R2
No Insert No Insert No insert No Insert No Insert No Insert
29 30 31 32
BR6 5R9 1R4 0S8
No Insert No insert No Insert No Insert -
WEST
M _S5-13-9%
-]~ .
Prepared Date Loaded Date
ﬁy % s['zg(qe
Reviewed 44 5)13118 Date Checked Date
7P Wbphote. SA5/9§
Approved )

Date
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STy POWER STATION

aaa . -

TJAll GA smears < 1000 DPM/100cn? except
as noted on map or smear workshest,
T All GA smears < 1000 DPM/100cm?

TJ All LA smears < 1000 DPM/&2

:]All HP smears < 1 HP/smear

| I Air particulate + 1, < 0.1 DAC

ion Tor20094 RADIOLOGICAL SURVEY MAP AND Re. ORD A
scation | —_—— e Date Time
: MAP £ 901 LS FSF -30-18 1300
JRPOSE: [JRoutine || Non-Routine [_] RWP, RWP# REACTOR FOWER
p it 1 Unit 2
YPE:  [JGamma [] Beta [ Neutron []Smear, GA [JSmear, LA []Smear, HP [JAir Sample {| 98 | /00
Instrument Model Serial # . ‘
’ ATV MER R
L o) lu 4444 | 5
Loedlon 2<960 X

K\'luﬂﬁ_

isHeeh-@)

1 TJ Al GA smears in DPM/100cm?
] All HP smears in HPs/smear A
_1 All Gamma readings in mrem/hr. kﬂ“"M}_@
B All Neutron readings in mrem/hr. '
1 All Beta readings in mrad/hr.
Zomments:

Al\ Yos& RATES

R ATIB

AR E 1S

18

eI,

Lodlom.  cal AvE 0l-99

WL AT
[

fig" anad
—(-izHs]

@

A

NIl Anp” v
EREEC) 1]
Survey RWP ® @ '

' QR - oo 32| A8
Survey Team Dose, mrem -
(SRD/DAD or calculated) 3 - [2Shame
Submitted By (Printed Name, Signatur TR L e

H 3 MDD R s T ek magy o,
‘ SR AREEAE AR R AN SRV

Reviewed IZ (Print

V]

i

Date Reviewed ! /6’f <¢

QASK TN® TH-32-0€

¥

i
{

LDWA - Low Dose Waiting Area
LHRA - Locked High Radiation Area

HRA - High Radiation Area
RA - Radiation Area

HPA - Hot Particle Area
CA - Contaminated Area

RM - Radioactive Material(s)

CAM - Continuous Air Monitar
(E) - Frisking Station
ARA - Airborne Radioactivity Area  RCAB - Radiological Control Area Boundary
NDCR - Neutron Dose Calculation Required

Dth_. Ares; OContacl; AGA Smear, <> LA Smear; A“ HP Smear, AS Air Sample Location; LCK Locked Gate, 3560 Barrier
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SURRY POWER STATION

: . 020 FORM HP-1032.010-
ion 10720194 RADIOLOGICAL SURVEY MAP AND RECORD © TRV,
~ocation —— -~ — | Date Time
'URPOSE: DRDuﬁnc - Non-Routine D RWP, RWP# RS:ISTOR P?J‘:Jf'?
TYPE: B Gamma [ Beta []Neutron [[]Smear, GA [JSmear, LA []Smear, HP [JAir Sample 928 | /00
Instrument Model Serial #
R0o- 50 -E 204 AL Ti
c e (] (4] pem
RSo-Lo- ¢ 206 El\ . [Lg'
1.~B1" I

[(] All GA smears < 1000 DPM/100cn? except
as noted on map or smear worksheet.

] All GA smears < 1000 DPM/100cm?

(7] All LA smears < 1000 DPM/A2 inglEL ATS Ry
[J All HP smears < 1 HP/smear I{#—‘%—@ f_l
[ Air particulate +1, < 0.1 DAC roliva .
& A
[ All GA smears in DPM/100cm? r:J_L‘ e ) %W
[[] All HP smears in HPs/smear NI AT k‘%i/'—_l
I All Gamma readings in mrem/hr. E)_Jf_l_'@ ‘s
: (] All Neutron readings in mrem/hr.
‘(] All Beta readings in mrad/hr.
K D h-‘\?,@ﬂ-
. |
.. {Comments: e e 1% |

Al Doss Pares. ARCE

EHI®

a8
Mazg 2 Jhlad S

Reviewed By (ﬁwanﬂ)

Date Reviewed /(H“‘l‘?'

Casy.®

arra onluy
o SN
lereD
NNEBL yre
[erio—(0)
Survey RWP
98, |-0002-
Survey Team Dose, mrem
(SRD/DAD or calculated)
Submitted By (Printed Name,

TA-32-08

HPA - Hot Particle Area

CA - Contaminated Area

ARA - Aitborne Radioactivity Area
RM - Radioactive Material(s)

IDWA - Low Dose Waiting Area
LHRA - Locked High Radiation Area
HRA - High Radiation Area

RA - Radiation Area

(F)- Frisking Station

-NDCR - Neugon Dose Calculation Required

CAM - Continuous Air Monitor
RCAB - Radiological Control Area Boundary

LCK Locked Gate, 306 Bamier

Dth. Arcs; OConLacr, AGA Smear, O LA Smear, A* HP Smear, AS Air Samplc Location;
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e SURRY POWER STATION HP-1054. -
I 220209 1032 010-
2 1020/94 RADIOLOGICAL SURVEY MAP AND RECORD FORMHP-1032.010-1
o==sion Date Time
MAP # 901 1ASFSA 9-30-98 | /S0

—=>0SE: [ JRoutine  JJ} Non-Routine [ ] RWP, RWP# RS,,AI-‘CIOR pcz}wa;z
e e it

~T= (OGemma [ Beta [l Neutron []Smear, GA []Smear, LA []Smear, HP OAir Sample | 78 | 720

“~strument Model Serial #
Lodlom 4444 |

_ / \)JSLUM 3 S oLéO ‘-(E-L ATt ML

=2 Se—5of =k

1 GA smears < 1000 DPM/100cn? except
noted on map or smear worksheet.
=71 GA smears < 1000 DPM/100cm?
271 LA smears < 1000 DPM/ft2
2.1 HP smears < 1 HP/smear
:r particulate + 1, <0.1 DAC
271 GA smears in DPM/100cm?
~'1 HP smears in HPs/smear
=1 Gamma readings in mrem/hr.
.=_'_1 Neutron readings in mrem/hr.
~"1 Beta readings in mrad/hr.

T ——ments:

Z ) NebE DATES ARSE

i cotRor _on \LI/. :

T Slom oxlhye olan

Zi—zy RWP
~Qa-\- ooz

=z—=v Team Dose, mrem
=" DAD or calculated) 3

Zz==itted By (Printed Name, Signa
- :\Qv.z LD\J\L' Maﬁfg }Lﬁz-

4

~ mm‘ﬂ- M\b * .
N("_-_u‘l'('ﬁ- 159 lb.
oo 13

AFImECe AT187
e}~

A’

{Erfierfix

ATeqﬂ

¢ aTImMOEe

Apee  arip” ATI8
N H©risr4)

ATBY AynER)

(a8)y{281z0

TR AT8”
Alimeie® 718"

%

INFORMATION ONLY

CASW IN® Tl -32-0)

~ == Reviewed /l? ,.{_49

LDWA - Low Dose Waiting Area
LHRA - Locked High Radiation Area
HRA - High Radiation Area

RA - Radiation Area

HPA - Hot Particle Area CAM - Continuous Air Monitor

CA - Contaminated Area ® Frisking Station

ARA - Airborne Radioactivity Arra  RCAB - Radiological Control Area Boundary
RM - Radioactive Material(s) NDCR - Neutron Dose Calculation Required

T Z=n. Avcs; OConmcr, AGA Smear, OIA Smear, A* HP Smear, AS Air Sample Location;

LCK Locked Gate;  359e%-Baricr
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won y CO— _ IR | Time 1
MAP # 901 ISl I'q-30-98 | I3e0
POSE: [JRoutine i} Non-Routine [ ] RWP, R .~ ' R;_“*CTOR FOWER
at onitl
3. [ Gamma [ Beta []Neutron [] Smear, GA [ Smear, LA DSmcar HP |:] Air Sample i [o‘o
nstrument Model Serial # ]
- . £ . e
Rso-<So ti 2o 4 e 'ﬁ‘; ]A;r By
RSo-Lo-¢ 206 [2.8] II

All GA smears < 1000 DPM/100cn? except
1s noted on map or smear workshest.

All GA smears < 1000 DPM/100cm2

All LA smears < 1000 DPM/2

All HP smears < ] HP/smear

Air particulate + [, <0.1 DAC

(n_ﬁa‘- A \3

All GA smears in DPM/100cm?

All HP smears in HPs/smear NGl NT

All Gamma readings in mremvhr, [—3_‘|—‘
All Neutron readings in mrem/hr,

All Beta readings in mrad/hr.

.mments: -
N TR~ AR
AN Dot RATe s ARE , [25a |
Coamma ol “-‘/
N ppp?
S5 ()
5 : l
rvey RWP ’ ll 6 Arg"
98- (- 200
rvey Team Dose, mrem
- AD/MDAD or calculated) 3 . 3. 6
bmitted By (Printed Name, Sign lt;rﬁ v . Nlim
2R Mo/ IWB o lNFORMAﬂON ONLY
:viewed By (Printed N@@fre)
D L | - CAse#® Ti(-32-01
ite Reviewed | /0 ~4-5¢ .
LDWA - Low Dose Waiting Area HPA - Hot Particle Area CAM - Continuous Air Monitor
LHRA - Locked High Radiation Area CA - Contaminated Area (B)- Frisking Station
HRA - High Radiation Area ARA - Airborne Radioactivity Area  RCAB - Radiological Control Area Boundary
RA - Radiation Area RM - Radioactive Material(s) NDCR - Neutron Dose Calculation Required

J6en. Ares; (Ocontact, AGA smear, > LA Smear; A"Hps(near, AS Air Sample Location;  LCK Locked Gate; 36564 Barrier
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ATTACHMENT 2
ISFSI FUEL CERTIFICATIONS AND CASK LOADING MAPS
TN-32.05 AND TN-32.07



Enclosure 9 to TN-E-30577

ISFS1 FUEL CERTIFICATION, REV. 1
TN-32, NO. 05

“Teéchnical Specification Limits ‘ N
3.85 w/o U235 -

/initial Enrichment <
Burnup < 40,000 MWD/MTU
Decay Heat/Fuel Assembly < 847 Watts
Time Since Discharge < 2,555 Days

Intact, Unconsolidated Surry Fusl Only
Other Paramaters

Fuel Rod Intermal Pressure After 2,555 Days
Gamma Source/Cask

Neutron Source/Cask

< 126.3 Bar -
< 2.31E+ 17 Photons/Sec
< 4.B4E +09 Neutrons/Sec

Ingert Initial Heat At Days From Fuel Rod Gamma Noutron

Component | Enrichment Bumup 12711897 Discharge Pressure Source Source

F/A ID 1D (w/o) MWD/MTU (Watts) To 12/1/97 (Bar) {P/Sec) {N/Sec)
OP3 16P181 3.61 356,535 597 4,639 85.0 2,65E+15 9.44E+07
OP4 20P97 3.61 35,989 597 4,639 85.0 2.65E+15 8.44E 407
1P3 20P29 3.61 36,351 597 4,639 85.0 2.65€+ 15 9.44E+07
2P5 12P69 3.61 35,955 537 4,639 85.0 2.65E+15 9.44E +07
2P3 16P158 3.61 38,208 597 4,639 85.0 2.65E+15 -1 - 9.44E+07
3p3 4P51 3.61 37,978 644 4,076 86.3 2.87E+ 15 1.17E408
3P3 16P245 3.81 35,465 597 4,639 85.0 2.65E+15 9.44E +07
4P7 8P130 . 3.681 37,548 644 4,076 88.3 2.87E+15 1.17E+08
5P8 8P108 3.61 36,908 644 4,078 86.3 2.87E+15 1.17E+08
6PO 16PA40 3.61 36,381 597 4,639 B85.0 ..2.65E+15 8.44E+07
6P1 20P121 3.61 37,655 644 4,076 86.3 2.87E+15 1.17E+08
0$3 BPO02 3.60 36,039 679 3,369 92.2 3.22E+15 1.05E+08
0SS 16P174 3.60 35,257 679 3,369 92.2 3,228+ 15 1.05E+08
0S7 16P89 3.60 35,113 879 - 3,369 92.2 3.22E+4+ 1S 1.05E+08
181 16P177 3.60 35,680 679 3,369 92.2 3.22E+15 1.05E+08
188 16P180 3.60 35,702 679 3,369 82.2 3.22E+15 1.06E+08
157 4P40 3.60 38,115 679 3,369 92.2 3,22E+ 15 1.05E+08
158 BPO41 3.60 35,419 679 3,369 92.2 3.22E+15 1.05E+08
250 16P198 3.60 35,390 879 3,369 92.2 3.22E+186 1.05E+08
283 BPO17 3.60 38,098 679 3,389 92.2 3.22E+4+ 15 1.05E+08
254 16P172 3.60 35,675 679 3,369 92.2 3.22E+15 1.05E4+08
255 BPO38 3.60 35,514 679 3,369 92.2 3.22E+ 15 1.05E+08
2586 BPO14 3.60 35,098 679 3,369 | 92,2 | 3.22E+15 1.05E+08
287 16P244 3.60 35,802 679 3,369 £2.2 3.22E+15 1.05E+08
350 17PAOS 3.60 35,270 679 3,369 92.2 3,22E+158 1.05E+08
383 BPO33 3.60 35,804 679 3,369 892.2 3.22E+15 1.05€+08
388 4P52 3.60 35,754 679 3,369 82.2 3.22E4+18 1.05E408
389 B8P044 3.60 35,745 879 3,369 82.2 3.22E+ 15 1.05E+08
459 BPO1S 3.60 35,780 679 3,369 92.2 3.22E+15 1.05E+08
483 8P060 3.60 36,006 6738 3,369 92.2 3.22E+15 { 1.05E+08
4S8 12P261 3.60 35,776 679 3,369 92,2 3,22E+15 1.05E408
550 16P242 3.60 36,096 G879 3,369 92.2 3.22E+15 1.05E+08
Totels 21,014 9,77E+16 3.33E+09

This is to certify that the Surry Power Station fuel assemblies listed above for the TN-32 storage

cask No. 5 do not exceed Technical Specification and other limits

Wﬁlnfﬁ? mlﬂz/;b\ liolat /S

Prepared Date Reviewed Date

AP A duts 12//0/47 2t — 12/10/77
Reviewed 7 Date Reviewed Date

i2-10-21

Date
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- CASK LOADING MAP, REV. 0

TN-32, NO 05 .
Cell No.
FIAID
Inse:t ID
Comment
EAST

1 2 3 4

oP3 0oP4 1P3 2P5

16P181 20P37 20pP29 12P69
5 6 7 8 9 10°
2pP9 3P3 3P9 4P7 5P6 6P0
16P158 4P51 16P245 8P130 8P108 16PA40

. 11 12 13 14 15 16
6P1 0S3 0S5 0S7 181 186
20P121 BP0O02 16P174 16P89 16P177 16P180
117 18 19 20 21 22
187 1S8 250 283 254 2585
4P40 BPO41 16P198 BPO17 16P172 BPD38
' - Debris/No EV

23 24 25 26 27 28
2S6 287 3s0 383 3S8 389
BPO14 16P244 17PAOS8 BP033 4pP52 BP044

29 30 31 32

481 4S3 4S8 580
BPO15 BP060O 12P261 16P242
WEST

pnafre /gj;//h'L (zloby7

yPrepared

/ /8
"Reviewed A ’Z%G’i‘17 '

1P bhttfottn.

Approved 7

-7

Date

;—43[‘17

Date

1243&7

Date

Loaded

Checked
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Presentation made to the ASTM C26 committee in 2008
(associated with RAls 5-1 and 8-1)
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TN E-30577
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Ageing Tests of Neutron Shielding Materials for
Transport Storage Casks

| Hervé ISSARD
AREVA TN International

C26 Second Seminar on Accelerated Testing of

Materials in Spent Nuclear Fuel and High Level
Waste Storage Systems

Tampa, Florida January 31— February 1, 2008




Enclosure 10 to | | Summall/

TN E-30577

» Background

» Neutron shielding materials for transport storage casks
» Long term behaviour of Neutron shielding materiéls

» Ageing tests of neutron shielding materials

» Conclusion

ASTM second seminar on Accelerated Testing of Materials — Tampa, Florida, January 31 — February 1, 2008



Neutron Shielding Materials for Transport Storage Casks

Enclosure 10 to
TN E-30577

» Background:

» Transport and Storage casks are needed for Spent fuel, Mox
fuel, vitrified wastes, taking into account increased burn ups

B Casks designs have to withstand the severe temperature
conditions coming from conservative ambient assumptions and
from envelop values of the residual heat of the spent fuels.

B AREVA-TN international research and development has
consequently developed and characterized neutron shielding
materials showing high shielding capabilities for a range of

temperature corresponding to the needs.

ASTM second seminar on Accelerated Testing of Materials — Tampa, Florida, January 31 - February 1, 2008
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Neutron shielding material for transport storage casks

Cask cover

Main section of cask

5 Locations
DRAIN AND VENT ORIFICE SECONDARY LID
Function

RESIN .

Radioprotection

- Sub-criticality

TRUNMIONS ...

.. FORGED STEEL
SHELL

LATERAL
MPACT LUMITERS

Neutron shielding

ASTM second seminar on Accelerated Testing of Materials — Tampa, Florida, January 31 — February 1, 2008




Neutron shielding material for transport storage casks

Enclosure 10 to
TN E-30577

» Shielding material made of polyester resin used in United States:
¢ TN40 or TN68 metal casks
¢ NUHOMS ® transfer casks

Nuhoms® OP197 transfer cask

ASTM second seminar on Accelerated Testing of Materials — Tampa, Florida, January 31 — February 1, 2008



Neutron shielding material for transport storage casks

Enclosure 10 to
TN E-30577 |

» Specification of neutron shielding materials :

¢ Shielding/attenuation efficiency, in case of transport
compliance with IAEA safety standards TS-R-1.

¢ Radiation and heat resistance during the period cons:dered
for the casks : storage or transport. .

¢ Quality and homogeneity of the shielding material.
© Fire resistance, with self extinction property.

¢ Thermal characteristics - expansion coefficient,
conductivity .

¢ Environment: minimize the impact on the environment and
‘human health.

R ASTM second seminar on Accelerated Testing of Materials — Tampa, Florida, January 31 — February 1, 2008
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Neutron shielding material for transport storage casks

® Formulation of neutron shielding materials by TN

International:

© Thermosetting matrix (polyester or vinylester), advantages:
hydrogen content, infusible, water resistant and temperature
resistant. The cross linking of the polymer leads to a rigid 3

dimensional lattice, solid and resisting to transport or storage
conditions |

© Mineral fillers : Alumine hydroxyde (Al(OH),) and zinc borate.
Advantages: economical, contain hydrogen, Boron (neutron
capture) and good for fire resistance |

¢ Vyal- B material has been patented by TN International:
o WO 03/050822 (19-06-2003)
o US 7,160,486 (09-01-2007)

oo ASTM second seminar on Accelerated Testing of Materials — Tampa, Florida, January 31 — February 1, 2008
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Long term behaviour of Neutron shielding materials

» Long term behaviour of VyaI-B neutron shielding
material:

¢ The shielding capacity depends on the variations of the atomic
concentrations of Hydrogen and Boron in the resin

© Initial atomic concentrations:
o [H] > 5.10%2atoms/cm?
o [B]>9.1020atoms/cm3

< Study was carried out to justify the long term behaviour of
resin Vyal-B and the shleldmg capacity after 40 years of
storage

¢ Modification of atomic concentrations may occur due to

° Radiation effects
e Thermal effects

| ASTM second seminar on Accelerated Testing of Materials — Tampa, Florida, January 31 - February 1, 2008
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Long term behaviour of Neutron shielding materials

Radiatiori degradation of neutron
shielding materials |

¢ Evaluated for use in nuclear
reactors (CERN data)

¢ Mechanisms depends on type of
polymer : break of the main chain,
cross linking, production of °
unsaturated bonds and oxidization

[mm]

< Degradation starts at more than
1015 n/lcm? as fast neutron fluence,
corresponding to a dose of 106 Gy

¢ Curve for unsaturated polyester: S ultimate
flexural strength , D deflexion at break, M
modulus of elasticity

'ABSORBED DOSE. (Gy)

ASTM second seminar on Accelerated Testing of Materials — Tampa, Florida, January 31 — February 1, 2008 10
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Long term behaviour of Neutron shielding materials

> Radiation degradation of Vyal-B neutron shielding material

¢ Fluence level for neutron shielding of packages is 10" n/cm2 for 40
years of continuous use = dose : 102 Gy

¢ Radiation degradation of neutron shielding of interim stbrage
packages is negligible |

Depletion of Boron 10 in the resin Vyal-B ?

¢ Total neutron capture is less than 1013 atoms/cm?3
< Initial Boron 10 content of resin : approx 1020 atoms/cm?3

¢ Conclusion: no depletion

B\ ASTM second seminar oh Accelerated Testing of Materials — Tampa, Florida, January 31— February 1, 2008 11
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Ageing Tests of Neutron 3hleidmg Materials for Transport
Storage Casks

B Thermal degradation of neutron shielding materials

B For Vyal-B qualification for storage conditions, experiments were
carried out, with the following test specification :

© Ageing tests in oven at different temperatures 150, 160 and 170°C
¢ Total test duration for each test: 7 months
© Specimen with different geometry S/V: blocks and pellets
¢ Weight loss measurements
© Chemical analysis of H and B
Purpose of these accelerated tests:

¢ To check the evolution of shielding performance

, ASTM second seminar on Accelerated Testing of Materials — Tampa, Florida, January 31 — February 1, 2008 12



»Long term behaviour at different temperatures

6

Ageing Tests of Neutron Shielding Materials for Transport

Storage Casks
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Results: Weight loss trends for different Vyal B samples exposed at 160 °C
Minimum loss when S/V is small (= general cask designs)
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Ageing Tests of Neutron Shielding Matenals for Transport
Storage Casks

» Degradation Mechanism

¢ Mainly oxidation of polymer matrix, but for high
temperatures, Aluminium hydroxide may release water,
mechanism become complex above 170°C

¢ Boron content unchanged

> Under a specific temperature, oxidation occurs only on
specimen surface, above this temperature, we observe
cracks which can propagate and oxidation can penetrate in
the specimen. This temperature shall be considered when
selecting the maximum continuous operating temperature
in storage |

> Remark : In cask designs the neutron shielding material is
in a closed box, no oxygen ingress; tests are therefore very
conservative

ASTM second seminar on Accelerated Testing of Materials — Tampa, Florida, January 31 — February 1, 2008
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Ageing Tests of Neutron Shielding Materials for Transport
Storage Casks

» After testing at different temperatures, for 7 months the
observations and measurements show that the
degradation of resin Vyal-B is superficial : no evolution
was observed inside the « block » samples

¢ From micrographic  observations
made by TN International on aged
specimen at T<160°C, volume of
oxidized resin correspond to a layer of
maximum 0.5 mm

¢ We estimate the oxidized layer to less
than 5 mm for the whole storage
period

Thickness of oxidized layer

ASTM second seminar on Accelerated Testing of Materials — Tampa, Florida, January 31 — February 1, 2008 15
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Ageing Tests of Neutron Shielding Materials for
Transport Storage Casks

» After accelerated tests 160°C, infrared analysis (red) of thin
samples compared to initial analysis (blue) : modification
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» After accelerated tests 160°C,
samples compared to initial analysis (blue) : no modification

Ageing Tests of Neutron Shielding Materials for

Transport Storage Casks

infrared analysis (red) of block
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Ageing Tests of Neutron Shielding Materials for
Transport Storage Casks

» Weight loss trends for thin Vyal B resin samples exposed at
150°C, 160°C and 170°C (@ = 25 mm ; thickness = 1Tmm)
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Ageing Tests of Neutron Shielding Materials for
Transport Storage Casks

» Arrhenius trends : In(exposure time) = f(1/T) (data from
previous curve, thin samples)
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Ageing Tests of Neutron Shielding Materials for
Transport Storage Casks

p Assessment of variations of atomic concentrations in casks

¢ In the layer of maximum thickness 5 mm, Hydrogen loss (X) and density loss are given
by the curve, built with assumption of arrhenius type phenomenon.

¢ Except this layer, as observed on specimen, we consider no degradation
+* We can calculate the final atomic concentrations, to be used in safety analysis.

60

50

Vieillissement Résine " Vyal B"

H
o

X=Perte de H2 (%)
w
o

N
o

10

80 90 100 110 120 130 140 150 160 170 180
Température (°C)

* Example: Hydrogen content of Vyal-B for vitrified waste package
after an exposure at 130°C for 40 years decreases of 0.1%

20
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Ageing Tests of Neutron Shielding Materials for
Transport Storage Casks

» Experimental checking of the good behaviour of neutron
shielding material in a cask in actual conditions*

¢ Samples taken from Cask TN17 n°704 for spent fuel
transport after use during 17 years (resin is polyester
based and similar, but not Vyal-B)

»BODY TOP SIDE DURING
»FINS + RESIN REMOVAL

*Remark: temperatures are less severe than in safety analysis

ASTM second seminar on Accelerated Testing of Materials — Tampa, Florida, January 31 — February 1, 2008 21
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Ageing Tests of Neutron Shielding Materials for
Transport Storage Casks

» Experimental checking of the good behaviour of neutron
shielding material in a transport cask TN17 n°704

¢ Analysis of density of Neutron shielding Samples :
measured : 1.514 (criteria : 1.4), no evolution

¢ Chemical analysis Hydrogen and Boron : conform, no
evolution

»FINS CUTTING + RESIN DEBURING

LEVELS

»DELIMITATION DURING FINS + RESIN REMOVAL

ASTM second seminar on Accelerated Testing of Materials — Tampa, Florida, January 31 — February 1, 2008 22
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Agemg Tests of Neutron Shielding Materials for Transport
Storage Casks

» Conclusions

¢ Through exposition tests of samples at different temperatures (150°C to
170°C), assessment of long term behaviour of Vyal-B shielding material has
been carried out. The accelerated tests results give the variations of
chemical composition and density. Considering a degradation mechanism
limited to an outer layer and using the relation between time and
temperature for the degradation of this layer (Arrhenius), the final
composition after the complete storage period can be determined

> The new chemical composition after ageing tests are compared to the
minimum values complying with the regulatory shielding requirements.

¢ A maximal temperature of long term use for the Vyal-B neutron shielding
material is confirmed equal to 160°C.

¢ Samples taken from actual casks after use show satisfactory results for
shielding performance

and storage casks in Germany, United States, France, Belgium, and other
countries.

¢ Shielding material from TN International is now qualified for use in transport

ASTM second seminar on Accelerated Testing of Materials — Tampa, Florida, January 31 - Fébruary 1, 2008
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Discussion of MP197HB compliance with ISG-19

Interim Staff Guidance (ISG-19) “Moderator Exclusion under Hypothetical Accident
Conditions and Demonstrating Subcriticality of Spent Fuel under the Requirements of

10CFR 71.55 (e)” provides guidance on two basic approaches and criteria acceptable to
show subcriticality under 10 CFR 71.55(e).

- Approval based on reconfigured fuel by showing that the reconfigured fuel is
subcritical, assuming water inleakage and performing a criticality evaluation
of bounding reconfigured fuel geometries.

- Approval based on moderator exclusion by showing that there is no water
inleakage under HAC and demonstrating through physical testing the water
exclusion boundary so that damage to the fuel would be inconsequential from
a reactivity control perspective.

The MP197HB Transportation Package is designed to transport both low and high burnup
fuel assemblies. The current licensing application is not requesting the package to be
approved based on moderator exclusion under HAC 10 CFR 71.55(e). However the
MP197HB package and DSC design meet the guidelines of ISG-19 by demonstrating that
there is no water inleakage under HAC.

Double containment boundaries are provided in the MP197HB transport package; (1) the
MP197HB transport cask where the containment boundary consists of a cylindrical shell,
bottom plate with a ram access penetration, cask body flange, bottom and top cover plates
(lids) with associated seals and bolts, and vent and drain port closure bolts and seals, and
(2) the canister of the DSC where the primary containment boundary consists of the shell,
inner top and inner bottom cover plates, the siphon and vent block, the siphon and vent
port.cover plates, and the associated welds. The outer top cover plate and associated
welds form a redundant containment closure boundary.

In lieu of demonstrating moderator exclusion through physical drop test, the structural
integrity of the MP197HB and DSC are demonstrated through analyses. The analyses for
the MP197HB transport cask containment boundary, presented in chapter A.2
(specifically Appendices A.2.13.1, A.2.13.2, A2.133, A2.13.6, and A.2.13.14),
demonstrate the integrity of the containment boundary and the closure system. The
closure bolts are evaluated in accordance with NUREG/CR-6007. Furthermore the.
average closure bolt tensile stress due to the secondary impact of the DSC and fuel
assemblies during an end drop is also determined by an LS-DYNA dynamic analysis.
The resulting stresses are below the smaller value of 0.7 Su or Sy.

The analyses for all of the DSCs to be transported in the MP197HB are presented in
Appendix A.2.13.7, showing the integrity of the closure system during 10 CFR 71 HAC

conditions.

The analyses of the cask and DSCs confirm that the containments of both the cask and
DSCs are maintained and inleakage of water is not credible after HAC drop events.

Page 1 of 2
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In addition to the analyses, the containments of both the MP197HB cask and DSCs are
leakage tested during fabrication and loading. The leakage tests of the MP197HB and
DSCs containments are specified in SAR Section A.8.1.4.

Again, even though the current application is not requesting the package to be approved
based on moderator exclusion under HAC 10 CFR 71.55(e), the SAR does include the
following:

1. The integrity of the MP197HB and DSCs containment boundaries are
maintained by analyses.

2. Leakage tests of the MP197HB and DSCs containment boundaries are
performed. :

3. The basket geometries also remain intact by analyses performed in Appendix
A.2.13.8.

Therefore, it can be concluded that the package design as described in the SAR ensures
moderator exclusion consistent with the intended level of safety provided by ISG-19.

Page 2 of 2
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Listing of Disk Numbering and Contents for Compijter Files
Contained on Enclosure 13 DVDs
(all files are Proprietary)

Disk ID No.
(size)

Discipline

System/
Component

File Series
(topics)

Number
of Files

DVD No. 1
(Enclosure 13)

(3.49 GB for
Structural)

Structural

Fuel

) 001-10x10 - Directory
(A.2.13.11 — input and output files for fuel end drop
analyses for the 10x10 fuel rod with maximum 55g
deceleration for 30 ft end drop with 2020 psi
internal pressure- LSDYNA analysis)

40

DVD No. 2
(Enclosure 13)

(3.98 GB for
Structural)

Structural

Fuel

002-14x14 - Directory
(A.2.13.11 —input and output files for fuel end drop
analyses for the 14x14 fuel rod with maximum 55g
deceleration for 30 ft end drop with 2020 psi
internal pressure- LSDYNA analysis)

41

Structural

Fuel

003- BWR 90 E Reduc-Directory
(A.2.13.11 —input and output files for 9x9 fuel side
drop with E reduced by 90%, no pellet gap and
internal pressure of 2020 psi-ANSYS analysis)

Structural

Fuel

004- BWR Accident Modified- Directory
(A.2.13.11 input and output files for 9x9 fuel
Accident side drop-ANSYS analysis)

Structural

Fuel

005- PWR 90 E Reduc- Directory
(A.2.13.11 — input and output files for 14x14 fuel
side drop with E reduced by 90%, no pellet gap

and internal pressure of 2020 psi-ANSYS analysis)

Structural

Fuel

006-PWR Accident Modified- Directory
(A.2.13.11 input and output files for 14x14 fuel
Accident side drop-ANSYS analysis)

DVD No. 2
(Enclosure 13)

(234MB for

Criticality)

Criticality

32PTH WE14 &
WE17

o CSAS25 inputs for WE14, WE17 using DARWIN
and SAS2H isotopic correction factors

o CSAS25 inputs for WE14, WE17 for fission
products “bounding” approach

e CSAS25 inputs for WE14, WE17 for Actinides
bias sensitivity study SAS2H / measured

324

Criticality

24PTH, 32PT,
32PTH 37PTH
WE17 Misload
Fuel Sensitivity

» Misload sensitivity study

« Misload analysis multiple underburned fuels
« Misload analysis single high reactivity fuels
« Misload analysis poison rod fuel assembly

96
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RAIls and Responses (Non-proprietary version) Enclosure 14 to TN E-30577

STRUCTURAL AND MATERIALS

2-1 Provide information on how the spacers between fuel and Dry Shielded Canisters (DSC)
will be installed for DSCs loaded under storage licenses and/or other transport CoCs.

Table A.2.13.14-2 specifies the various spacer heights ranges to limit fuel-to-DSC gaps
which affect Hypothetical Accident Conditions (HAC) drop considerations. However, it is
not clear to the staff how these spacers will be implemented for DSCs loaded previously
regarding considerations for transportation in the MP-197HB.

This information is needed to verify compliance with 10 CFR 71.73(c)(1).

Response to 2-1

Table A.2.13.14-1 and Table A.2.13.14-2 specify the gap requirements between (1) the canisters
(DSCs) and the inner surfaces of the cask ends and (2) the fuel assemblies and the inner surfaces
of the DSC cavity. All DSCsloaded into the casks will meet the allowable gaps using cask spacers
if necessary. The fuel assemblies will be loaded into the DSCs with internal spacers, if necessary,
to keep the gap size within limits. Loaded DSCs that are currently in storage will only be shipped if
the gaps between the fuel assemblies and the inner surfaces of the ends of the cavity meet the
above-mentioned limits.

SAR Section A.1.2.3.1 has been revised to reflect this change.

2-2 Clarify the approach taken regarding fuel cladding integrity under HAC conditions, given
the status of the TN-40 application cited in response to RAl 2-30 and 2-38.

. The TN-40 review has not been finalized. Therefore, open questions regarding the
methodology at this time are still open for the MP-197HB as well.

This information is needed to verify compliance with 10 CFR 71.55(e)(1).

Response to 2-2

Per the methodology used in the TN-40 Transport application, fuel end drop analyses are updated
for both PWR and BWR fuel assemblies by applying the maximum g-load to the cask-ground spring
representing the impact limiter. The results are provided in the updated Appendix A.2.13.11.

2-3 Update the relevant results tables in the Safety Analysis Report (SAR).
Updated results from the revised structural analyses, applicable to various tables
throughout the application, (e.g., crush depths in Table A.2.13.12-8), are not provided in
the updated application.

This information is needed to verify compliance with 10 CFR 71.71(c)(7) and 71.73(c)(1).
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Response to 2-3

Based on the revised structural analyses, all the relevant results tables in the SAR have been
verified throughout the application. Some of the results were not affected by the revised structural
analyses. For instance, the crush depths in Table A.2.13.12-8 are identical in the original and the
revised LS-DYNA impact limiter analyses.

2-4 Clarify the magnitude of g-loads for the HAC side drop basket analysis for the 32PTH1
basket.

Table A.2.13.8.1 lists the g-load for the 32PTH1 as 55 g, while for the 32PTH itis 75 g.
However, Tables A.2.13.8-24 through A.2.13.8-26 list very similar results for maximum
stresses for the two similar baskets. It is unlikely that such a different loading would
produce such similar effects.

This information is needed to verify compliance with 10 CFR 71.73(c)(1).
Response to 2-4

Even thoughAthe maximum stress results are similar for the 32PTH and 32PTH1 béskets, the
applied g-loads are 75g and 55g respectively. There are several reasons for similar stress results,
they are as follows: ' ‘

- Forboth the 32PTH and 32PTH1 DSCs, no distinctions of secondary or peak stress were
made after the analysis. The maximum Sstress intensity at the surface was compared
against the membrane plus bending allowable and maximum stress intensity in the middle
was compared against the membrane allowable. Since no distinction was made the
controlling stresses are typically secondary or peak stresses due to the provided gap at
basket to canister and canister to cask interface for thermal growth. These gaps are
modeled explicitly in the analysis via contact elements in ANSYS; as the loading increases
these gaps are closed and redistribution of the load occurs, causing the maximum stress
intensity to remain relatively constant.

- Even though the 32PTH and 32PTH1 basket designs are similar, the maximum assembly
weight for the 32PTH is 1585 Ibs versus 1715 Ibs for the 32PTH1. Thus the load in the
32PTH1 basket is higher than the 32PTH basket analysis at the same g-load.

- Bilinear elastic-plastic material properties are used in the analysis; due to this, once the
stress surpasses the yield stress value the increase in stress is much lower relative to the
load.

2-5 Remove the use of foreign code material as an alternative to American Society for
Testing and Materials (ASTM), or American Society of Mechanical Engineers (ASME)
code material for cask systems to be used in the United States. Specify exact alternative
code material or properties of the code materials that have to meet specifications of the
US code material such as yields, elongation, ultimate strength, etc.

A number of the drawings (notes and/or materials lists) include a statement that foreign
specifications can be used.
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This information is needed to satisfy the requirements of 10 CFR 71.111.
Response to 2-5

Notes allowing the use of foreign code material as an alternative to United States standards have
been removed.

2-6 Reduce the maximum allowable assembly burnup for the 69BHT canister to 62.5
GWd/MTU peak rod average in Table A1.4.9-4, or provide justifications for the use of the
temperatures in Interim Staff Guidance — 11 (ISG-11), Revision 3, “Cladding
Considerations for Transportation and Storage of Spent Fuel.”

Staff asked this same RAl in the 1st round (2-19). The applicant's justification was that
there would be longer cooling times and the fast neutrons were the same, thus there was
no thermal issue. The maximum assembly burnup allowable, if the temperature limits
delineated in ISG-11, Revision 3, are invoked, is 62.5 GWd/MTU: This is based on
creep and hydriding considerations. The burnup will affect the cladding oxide thickness,
the cladding hydrogen content, and the fission gas release. All these will affect the
cladding stress, and potentially the ductility, and creep. There is insufficient data on
these parameters for the various fuels and claddings to substantiate these effects for
reactor operations, hence the knowledge of these parameters for use in cladding stress
calculations and creep calculations is insufficient for transportation applications. Table
A.1.2.9-4 lists burnups as high as 70 GWd/MTU.

This information is needed to meet the requirements of 10 CFR 71.55(d)(1) and (2).
Response to 2-6

The maximum allowable assembly burnup for the MP197HB has been reduced to 62.5 GWd/MTU.
SAR Table A1.4.9-4 has been revised accordingly. Note that other portions of the application still
use 70 GWA/MTU as a basis for some evaluations as they are considered bounding for the 62.5
GWd/MTU maximum.

2-7 Show that the mechanical properties calculated using the Geelhood and Beyer
correlations in SAR Section A2.13.11.1, apply to cladding with radial hydrides. Compare
the ductility of cladding with radial hydrides with the stress imposed during a side drop,
i.e., hoop plus crush stress.

Most of the DSCs have either been approved for storage of high burnup fuel or are
asking for approval to transport high burnup fuel. The presence of radial hydrides is
expected, since 1) the cladding will have had to undergo a drying cycle, and 2) most
cladding, other than M5, has both hydrogen contents >200 wppm, with hoop stresses
increased by the larger increase in fission gases at high burnup.

The applicant drew on the results of two papers, one by Chu and another by Aomi, to
attempt to make the case that the formation of radial hydrides did little to decrease the
yield and ultimate strength of the cladding in the axial direction and only decreased them
by 20% in the hoop direction. The staff accepts the conclusion for the axial direction, but
rejects the conclusions for the hoop direction. Chu’s work was conducted at applicable
temperatures, stresses and hydrogen contents but only used charged unirradiated
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samples. The morphology of the initially charged samples (Chu, Fig. 4a) is completely
different from the hydride morphology that occurs in irradiated cladding, and includes the
artifacts of the circumferential hydrides in the body of the cladding, which if not dissolved,
form a barrier to the propagation of radial hydrides and lowering of the yield stress. As a
result, the results and conclusions from Chu’s work cannot be generalized to irradiated
cladding. Aomi uses burnups up to 59 GWd/MTU but conducts hydride orientation only
up to a temperature of 300°C and stresses only up to 70 MPa. Both conditions are too
low to place a significant amount of hydrides into the radial direction although they form a
preponderance of the hydrides in the body of the cladding. In addition, the cooling rate of
30 C/hr is too fast to allow for significant growth of the hydrides. Shorter hydrides have a
lower chance to affect the yield strength. As a result, the reduced yield strengths
calculated from these two papers, while only slightly lower than that calculated by
Geelhood and Beyer, are rejected by the staff.

The proposed reduced yield stress was compared to the hoop stress in the cladding.
The radial hydrides are important during the side drop where there are both hoop and
crush stresses. Both must be accounted for when determining the stability of the
cladding.

This same argument has been made by the applicant in the past and was rejected by the
staff.

This information is needed to meet the requirements of 10 CFR 71.55(b)(1).
Response to 2-7

The high burnup fuel assemblies will only be transported directly from the pool. The hoop stress
evaluation is updated to reflect the crush stress during side drop and is presented in SAR Appendix
A.2.13.11, Section A.2.13.11.4. The potential for radial hydride formation during loading/vacuum
"drying operation is discussed in the following paragraphs. ‘ '

A temperature history for typical fuel cladding in the 69BTH DSC is shown in Figure 2-1. As shown
in the figure, the maximum fuel cladding temperature within the 69BTH DSC increases
monotonically during the loading/vacuum drying operations. Once the loading/vacuum drying
operations are completed and the DSC/TC annulus is drained and filled with helium, the maximum
fuel cladding temperature continues to rise further until it reaches NCT equilibrium at approximately
472 F (244 °C), after about 70 hours. Another small temperature rise occurs when the DSC/TC
annulus is drained and filled with helium. After that, the cladding temperature during NCT is quasi-
constant, i.e., is subject only to ambient temperature fluctuations.

In order to analyze this cladding temperature history from the point of view of hydride radial re-
orientation, the hydride dissolution and precipitation solvi are employed. As is well known, a
hysteresis exists between hydride dissolution during heat-up and hydride precipitation during cool-
down stages. At a given temperature, the hydrogen concentration in solution in equilibrium with
dissolving hydride, TSSD (Terminal Solid Solubility at Dissolution), is less than that in equilibrium
with precipitating hydride, TSSP (Terminal Solid Solubility at Precipitation). In this solid system, the
chemical potential of hydrogen in a hydride undergoing dissolution is significantly lower than the
chemical potential of hydrogen in a hydride that is precipitating.

The following example is reproduced from [2.1] and is illustrated in Figure 2-2 (Figure 2.8 of [2.1]):

“The effect of thermal history on the concentration of hydrogen in solution of a specimen containing,
for example, 60 ppm, can be illustrated by examining what occurs when the specimen is taken
through a specific temperature sequence through heating and cooling. Referring to Fig. 2.8 [2.1], as
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the temperature is increased from room temperature, the hydrogen concentration increases
following the curve along AB. When the temperature begins to decrease, the concentration in
solution is assumed not to change until the precipitation solvus is reached at point C. On further
cooling, the concentration in solution drops following the precipitation solvus (TSSP) until point D. If
the temperature is now increased again, the concentration in solution does not increase until the
TSSD curve is reached.”

The cladding hydrogen concentration — temperature variation during the loading/vacuum drying
stage and the following NCT phase is illustrated in Figure 2-3 below. The TSSD, dissolution limit,
and TSSP, precipitation limit, have been taken from Reference [2.2], and are valid for irradiated
Zircaloy.

During the heat-up phase of loading/vacuum drying dissolution of some of the hydrides present at
pool conditions (~ 150 °F or 66 °C) are dissolved and the hydrogen in solution follows the red line
on the lower TSSD curve up to the final maximum possible temperature during NCT at 674 F
(357 °C). In general the peak temperature for cold -40 °F ambient condition and hot 100 °F ambient

condition can be in the range 570 F to 674 F (299 «C to 357 «C) respect/vely (see Figure 2-1 for
NCT temperatures ) .

Also as seen from Figure 2-1, the fuel cladding temperature fluctuation within the 69BTH DSC is
only due fo the change in the ambient conditions:

o Temperature variation between 100°F and -20°F ambient conditions is (674°F -582
°F) = 92°F (51°C).

e Temperature variation between 100°F and -40°F ambient conditions is (674 °F -570
°F) = 104°F (58°C).

As seen above, the temperature fluctuations in the 69BTH DSC due to changes in ambient
temperatures are well below the 117°F (65 °C) limit specified in ISG-11, Rev.3 [2.3]. These
temperature fluctuations given above have significant conservatism in that the ambient temperature
changes considered for this evaluation are significantly larger than those that would occur during a
typical transport cycle.

Assuming a year long transport, the maximum variation in temperature would be the extremes of
the NCT ambient giving a cladding temperature variation of 104°F (58°C) when the ambient
temperature change is 140°F (from 100°F to -40°F). As shown in Figure 2-3 as the horizontal blue
line, this temperature variation does not allow the cladding temperature to reach the precipitation
solvus during cool down. Consequently there is no onset of additional hydride precipitation.
Therefore, the 10 thermal cycle limit specified in ISG-11, Rev.3 does not apply to 69BTH DSC.
Note, also, the maximum temperature fluctuation due to changes in ambient temperatures in the
69BTH DSC, 104°F (58°C), are also below the 117°F (65°C) specified in ISG-11, Rev.3 [2.3].

Thus, no additional precipitation of hydrides occurs during the temperature cycles associated with
NCT and therefore, no radial re-orientation of hydrides occurs during the loading/vacuum drying or
transport.

Therefore, material properties calculated using the Geelhood and Beyer correlation in SAR
Appendix A.2.13.11, Section A.2.13.11.1 are used for the cladding structural evaluation.
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(1) The dashed lines showing the heat-up curves are only for illustrating that the final maximum fuel cladding
temeprature after vacuum drying will increase until a steady state temperature is achieved for NCT that will be
between the lines shown for NCT at 100°F and NCT -20°F ambient conditions.

Figure 2-1

Temperature Time History for 69BTH DSC, 32 kW during Loading/Vacuum Drying Operations
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Figure 2-3
Heat-up Phase during Loading/Vacuum Drying Operations,
Followed by Heating/Cooling Cycles during NCT
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2-8

Amend the SAR referring to the neutron absorbing materials used for criticality control to
be consistent with recent amendments (e.g., CoC No. 1030, Amendment 1).

a)

b)

c)

d)

Modify SAR Section A.8.1.7.1. The direct chill of an Al-Ti-B melt could precipitate
other phases, e.g., AlB,. The current language in the Technical Specifications (TS)
would not permit such phases to act as the principle neutron absorbing material and
may create a non-compliance issue with the TS, as the TS relate to transportation.

Specify In SAR Section A.8.1.7.2 that the boron carbide particles shall have an
average size of 40 microns or less. Particle sizes may be determined by mesh size.
The current language, which is that boron carbide particles “typically have an
average size...,” is vague and open to interpretation.

Specify In SAR Section A.8.1.7.3 that at least 80% by weight of the boron carbide
particles should be less than 200 microns in size. This requirement is to control the
final particle size of the boron carbide in the Boral plates after rolling, which affects
neutron streaming.

Add a discussion of the thermal conductivity qualification testing of the neutron
absorbers to the SAR. The thermal conductivity of the neutron absorbers influences
the temperatures distribution of all the components of the entire package, and hence
the component performance. No qualification testing protocol was included in this
application, consistent with previous applications.

Describe in SAR Section A.8.1.7.7.3.1, the delamination testing protocol. The
delamination testing mentioned in the SAR is not described for the staff to evaluate.
Delamination of clad neutron absorbers during drying may lead to unanalyzed
geometries or deformations making retrievability of the fuel problematic.

This information is needed to determine compliance with 10 CFR 71.55(b).

Response to 2-8

a)

b)

c)

d)

e)

Section A.8.7.1 has been revised to allow the formation other phases of the Al-Ti-B melt in
addition to those currently listed.

Section 8.1.7.2 has been revised to require the average particle size be less than 40
microns.

Section 8.1.7.3 has been revised to require at least 80% of the B,C particles be smalier
than 200 microns.

A description of the thermal qualification testing to be performed on the neutron absorbers
has been added

Section A.8.1.7.7.3.1 has been expanded to provide a description of the delamination
testing to be performed on the clad MMC.
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2-9

Revise the SAR to add a plan to ensure, for any DSC that has spent an extended time in
storage, that the contents and DSC itself meet all the requirements in the CoC. This plan
should include inspections to obtain data or analysis to support: 1) the mechanical and
thermal properties of the components of the DSCs related to safety, and 2) the contents,
have not degraded during the storage period. Provide evidence that removal of the DSC
from the storage overpack will not damage the DSC, and impact safety.

a) Describe how loading records will ensure that DSC damage is not done during the
extraction process. Clarify what “appropriate evaluations” as indicated in the initial
response, will be conducted.

b) Provide evidence that high burnup fuel in storage for 20 or more years will remain in
its analyzed condition. To the staff's knowledge, the analysis on the condition of
high burnup fuel after storage has not been experimentally confirmed.

c) Provide a discussion of how Time Limited Aging Analysis (TLAA) will be performed,
and describe the aging management program that will be incorporated into the
storage license to assure the condition of the basket, neutron absorbers, and fuel
contents. Take into accounts comments in RAI M.3.

d) Describe how the applicant will ensure that if there is a storage license renewal
beyond 20 years, the aging management plan will include periodic in-service
inspections of the accessible canister surfaces as indicated at the end of the 1st
round RAl response. Indicate the type of in-service inspections that will be required
and what kind of damage will they look for. This section of the application is unique,
as it will link a storage renewal application with a future transportation application for
the first time.

All the mechanical and thermal properties of the materials of construction of the DSC -
used in this Part 71 analysis are for pristine materials. Many of the DSCs were
constructed and loaded many years ago and are in storage. The materials properties
used for the evaluation of the safety systems and contents of the DSCs that have already
been in storage service must be representative of the conditions at the time of transport,
not at the time of the loading of the DSC. A number of the issues were satisfactorily
addressed in the initial RAI response. The issues cited above were not sufficiently
resolved.

This information is needed to meet any thermal, shielding, criticality, or structural
requirements of 10 CFR Part 71 where the materials properties are integral to the
response of the system.

Response to 2-9

A plan will be established to ensure that any DSC that has been in extended storage (i.e., greater
than 20 years), will meet the requirements of the CoC and the supporting analyses. This plan will
include descriptions of inspections to be performed, data to be obtained, or evaluations required to
verify that the mechanical and thermal properties of the DSCs and the basket material have not
degraded sufficiently during storage to affect the qualification basis for fransportation. The following
elements are integral to the implementation of this plan.
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1)

2)

3)

4)

The conditions during insertion of the canister into the HSM (and withdrawal there from),
including alignment tolerance of the HSM and transfer cask, and ram hydraulic pressure
(among other conditions), are specified in the operating procedures, monitored during
implementation, and typically recorded. In addition, a review of local environmental records
will be performed to identify off-normal conditions such as flooding, dust storms, seismic
activity, and similar events. Canisters which have been inserted into and removed from the
HSM with records that indicate compliance to the alignment and hydraulic pressure values
may be transported with no further action. Canisters whose records indicate a deviation
from these specifications or which have been subjected to off-normal conditions will be
investigated further to determine if they meet the original design conditions. If conformance
cannot be conclusively demonstrated, appropriate mitigating actions will be taken prior to
transport.

This license application is revised now to exclude post-storage high burnup fuel as an
allowable payload.

When the current 10 CFR 72 certificates of compliance (CoC) for the canisters which are in
storage are submitted to NRC for renewal, draft NUREG-1927 “Standard Review Plan for
Renewal of Independent Spent Fuel Storage Installation License and Dry Storage System
Certificate of Compliance” will be used. The TLAA will be based on information provided in
draft NUREG-1927. NRC has approved license extensions for two licensees that are using
NUHOMS® systems. TN has performed the TLAA analyses for these licensees. TN will use
similar methods and draft NUREG-1927 to perform the TLAA in support of the CoC renewal.

The storage CoC license renewal application will include an appropriate aging management
program that is consistent with applicable information from draft NUREG-1927 for the
NUHOMS?® system.

Note that the requirements of items 1, 3 and 4 above ensure that any DSC in storage will meet
all of the requirements of this transportation CoC.

2-10

Describe the methodology used to determine the size of the gap between the fuel
assembly and the DSC.

The gaps between the fuel assemblies and the DSC are given in Tables A.2.13.14-1 and
2. The size of the gap will depend on the dimensions of the DSC and the expected
growth of the assembly, which depends on the burnup during irradiation. Without the
expected growth of the assembly being stated, there is no way for the staff to determine
if the stated gaps are the most limiting for determining the deformation of the
assemblies during a hypothetical accident.

This information is necessary to meet the requirements of 10 CFR 71.73(c)(1).

Response to 2-10

In order to calculate the axial gap between the fuel assembly and DSC at time of transport, the
following equation will be used to determine the spacer length to be used and to ensure that the

axial gap between the fuel assembly and DSC will meet the transport requirement.

(LetAL)-(Lr+ALp)-(Ls+ALs)—Lr=Gap<0.5"
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Lc = DSC cavity length, in.

A L¢ = DSC cavity length thermal growth, in.

L = cold (room temperature), un-irradiated length of the fuel assembly, in.
ALg = fuel assembly thermal growth, in.

Ls = fuel spacer length, in.

ALs = fuel spacer thermal growth, in.

Lr = fuel assembly irradiation growth, in

The length of the DSC cavity, DSC cavity length thermal growth, fuel assembly length, fuel

assembly thermal growth, fuel spacer length, and fuel spacer thermal growth can be calculated
using the analyzed temperatures at the time of transport.

The fuel assembly irradiation growth depends on the fuel assembly burnup and will be provided by
the client or will be calculated based on the burnup values and using irradiation growth models.

Using this methodology will ensure that proper spacerlength can be sized to maintain the axial gap
less than 0.5”. This 0.5” gap also bounds the gap used for the fuel cladding accident end drop
analysis.

SAR Table A.2.13.14-2 has been revised to reflect this change.
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SHIELDING

5-1

Demonstrate that the neutron shield will retain a uniform layer for the purpose of effective
neutron shielding the under hypothetical accident conditions.

In its response to RAI 5-4, the applicant states: “Tests have shown that the neutron
shielding material retains more than 60% of its principal contents (hydrogen, boron)
following design basis fire accident...” In its response to RAI 5-6, the applicant further
states: “The results of the fire tests performed during the testing of the resin indicate that
a small layer gets charred under direct fire exposure and this layer is likely to be much
smaller when there is no direct exposure to fire.” The applicant further states: “The
charring is localized ...”

The staff's concerns, however, were not only with how much of the content would be
retained or whether the tubes will detach or not. Another chief concern is if the neutron
shielding material will be able to retain a uniform neutron shielding layer as assumed in
the shielding model. A localized charring and further cracking of the resin may create
neutron streaming paths that result in “localized” hot spots that void the effectiveness of
the neutron shielding layer. The applicant is requested to demonstrate that the neutron
shield will retain a uniform layer for the purpose of effective neutron shielding.

This information is needed for the staff to determine if the package design meets the
regulatory requirements of 10 CFR 71.51.

Response to 5-1

Proprietary Information Withheld Pursuant to 10 CFR 2.390
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Proprietary Information Withheld Pursuant to 10 CFR 2.390

Provide shielding analyses that explicitly model the walls of the aluminum tubes that
contain the neutron shield resin.

In its response to first round RAI 5-1, the applicant explained in detail the structural
design of the resin tubes. From these explanations, it appears that the walls between
two adjacent tubes will form an approximately 0.24 inch aluminum wall. Because
aluminum has a much lower neutron absorption cross section than boron and a much
lower slowing down power than the hydrogen and oxygen in the resin, these aluminum
layers between the adjacent resin tubes may result in neutron streaming paths. It was
not clear how these aluminum tube walls were treated in shielding analyses of the MP-
197 packages. The applicant is requested to provide information on how the aluminum
tube walls were treated in the shielding models with adequate justification.

This information is needed for the staff to determine if the package desigh meets the
regulatory requirements of 10 CFR 71.47 and 71.51.

Response to 5-2

As described in SAR Appendix A.5, Section A.5.3.1.1 and Section A.5.3.2, the neutron shielding
material (VYAL-B) is encased in a 0.12-inch thick aluminum box. The boxes are arranged in such a
fashion that there is approximately 0.24-inch aluminum material present between adjacent resin
blocks. The neutron shielding resin and the aluminum are homogenized using a volume weighted
average and the homogenized material composition is shown in SAR Table A.5-18.

This neutron shielding configuration has been incorporated in all of Transnuclear's metal cask
storage designs for more than 15 years. Detailed surface dose rate measurements have been
performed for the TN-32 storage cask to quantify the neutron streaming (if any) due to the
aluminum boxes. Enclosure 9 provides the details of such measurements performed on two TN-32
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storage casks. These measurements indicate that the aluminum boxes did not present possible
neutron streaming paths through their walls.

In addition, a sensitivity evaluation is performed to determine the effect of using a homogenized
resin/aluminum “layer” on the calculated dose rates on and around the MP197HB TC. The MCNP
model was revised to include the actual configuration of resin/aluminum boxes as shown in Figure
5-2-1, below. Detailed mesh tallies were placed at both the cask surface and at 2m from the impact
limiters. The results of this evaluation indicate that the maximum increase in the calculated dose
rate at the cask surface is approximately 6%. The results of this evaluation also indicate that the
maximum increase in the calculated dose rate at 2m from the cask surface is approximately 5%.

The methodology employed to determine the design basis dose rates — in particular the application
of the axial neutron source distribution is conservative by more than 10% as shown in SAR Chapter
A.5, Section A.5.5.6.1. Therefore, it is expected that the use of a homogenized model combined
with a bounding use of the axial neutron source distribution sufficiently covers the increase in
“calculated” dose rates using the discrete resin/aluminum box configuration. Further, detailed
measurements do not indicate any measurable variation in the dose rates specifically due to the
resin/aluminum box configuration. Therefore, there is reasonable assurance that the calculated
dose rates using a homogenized neutron shielding layer and a conservative source distribution
results in bounding dose rates. SAR Appendix A.5, Section A.5.3.2 is revised to include a
discussion on the sensitivity analysis.

Figure 5-2-1: MCNP Model Plot Showing the Neutron Shielding and Aluminum Boxes

5-3  Demonstrate via calculations that the MP197HB cask loaded with the 69BTH DSC
containing design basis BWR fuel assemblies bounds all contents.
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The staff requested, in the original RAl 5-3, which was transmitted to the applicant on
December 2, 2009, that the applicant demonstrate that a MP197HB cask loaded with
the 69BTH DSC containing design basis BWR fuel assemblies bounds all contents. In
its response to the RAI, the applicant explained the bases on which it determined that
the 69BTH DSC containing design basis BWR fuel assemblies bounds all contents with
respect to the shielding safety analysis. However, the response used mainly qualitative
discussion rather than calculations, and the discussions focused solely on a fuel load of
a single fuel assembly. From the perspective of shielding safety analysis, the source
terms (both neutron and gamma) are the determining factors for bounding design basis
fuel. As such, the combination of total fuel quantity, burnup, cooling time, and initial
enrichment are the major parameters that affect the source terms. The applicant is
requested to demonstrate that the selected design basis content bounds all of the nine
different cask designs, including those that contain damaged fuel and/or non-fuel

" hardware.

This information is needed for the staff to determine if the package design meets the
regulatory requirements of 10 CFR 71.47 and 71.51.

Response to 5-3

As discussed in the response to the original RAI 5-3, the 69BTH DSC containing the design basis
BWR fuel assemblies is evaluated to determine the dose rates on and around the MP197HB
Transport Cask under NCT and HAC. This determination is made based on the fuel qualification
calculations documented in SAR Appendix A.5, Section A.5.5 that determine the allowable
combinations of burnup, enrichment and cooling time (BECT) for the various PWR and BWR fuel
assemblies within the various DSCs. In addition to the fotal fuel quantity and BECT combinations,
the dose rates are also influenced by the shielding properties of baskets and DSCs within which
these sources are placed. This implies that the strongest radiological sources may not result in the
highest dose rates when they are surrounded with superior shielding in comparison to other
source/shielding configurations. Therefore, a selection of the design basis shielding configurations
are not governed solely by maximization of the radiological sources but rather a determination of a
combination of radiological sources and a shielding configuration that result in bounding dose rates.
This forms the basis for the fuel qualification methodology employed in the MP197HB shielding
calculations. Response functions are determined as part of the fuel qualification calculations for
each DSC content of the cask. Therefore, the differences in the geometry and materials between
the various DSCs and the total fuel quantity and BECT combinations of the fuel assembly payloads
are accounted for in the fuel qualification calculations.

The fuel qualification is based on limiting the maximum calculated dose rate at 2m for NCT to within
the applicable Part 71 limits and provides a reasonable assurance that all the DSCs and their
allowable contents are “equivalent” in terms of dose rates at NCT. At HAC, it is assumed that the
neutron shielding of the cask is severely degraded. Therefore, the HAC dose rates are nearly
entirely dominated by the neutron source terms. Since the 69BTH DSC payload has the bounding
neutron source term (due to the highest allowable burnup of 70 GWD/MTU) it represents the
bounding payload for HAC.

Additional justification is provided in the responses to RAl ltems 5-8, 5-9, 5-10 and 5-12 that
describe the methodology employed to determine the source term and shielding models (DSC and
fuel payload) employed for NCT and HAC. This includes calculation of NCT dose rates for all
payloads and demonstrating the bounding nature of the source terms employed for HAC.
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Based on discussions with the staff, SAR Appendix A.5, Section A.5.1.1 is modified to refer to an
“evaluated” configuration to determine dose rates instead of a “bounding evaluation”.

5-4

Demonstrate via calculations that the source terms calculated using SAS2H are
conservative.

In its response to the staffs RAI 5-8, transmitted to the applicant on December 2, 2009,
and subsequent RSI 5-1, the applicant revised the SAR to provide qualitative sensitivity
analyses to justify that the source terms calculated using SAS2H are conservative.
However, the applicant did not provide any quantitative analyses to demonstrate that the
calculated source terms are conservative and the calculated dose rates will not exceed
the regulatory limits, e.g., 10 mrem/hr at 2 meters from the surface of the cask or
enclosure. In fact, Table A.5-1a of revision 8 of the SAR shows that the maximum dose
rate at two meters from the assumed railcar is 9.4 mrem/hr. The margin for safety is only
6%. Review of publications on SA2H validation against experimental data indicates that
SAS2H underpredicts the concentrations of many isotopes that are important to shielding
by over 10%. Given this fact, the applicant is requested to demonstrate with code
benchmark results that the accumulated errors in the dose rates, including errors and
uncertainties in source terms and dose rate calculations using the MCNP code will not
exceed 6%. An analysis of the uncertainties associated with Monte Carlo method for
shielding calculations will be helpful to the staff for determining if the cask design meets
10 CFR 71.47 and 71.51 requirements, given the fact that MCNP is a Monte Carlo
method particle transport calculation code.

This information is needed for the staff to determine if the package design meets the
regulatory requirements of 10 CFR 71.47 and 71.51.

Response to 5-4

Proprietary Information Withheld Pursuant to 10 CFR 2.390

Page 16 of 36



RAls and Responses (Non-proprietary version) Enclosure 14 to TN E-30577

Proprietary Information Withheld Pursuant to 10 CFR 2.390

5-5

Provide data to demonstrate that the uncertainty of SAS2H calculated gamma and
neutron sources is 10% and 5%, respectively.

In its response to the staff's, RS| 5-1, transmitted to the applicant on June 17, 2010, the
applicant states that the uncertainty of the SAS2H calculated gamma and neutron
sources is 10% and 5%, respectively. In addition, the applicant states: “A more direct
validation of source term calculations is to measure the dose rate from these sources.
Numerous measurements from various spent fuel storage and transportation systems
have indicated that the measured dose rates are typically lower than the calculated dose
rates.” The staff's review of the isotopes estimated by SA2H that are important to
shielding indicates that many of them are underestimated by a large percentage. For
example, the isotopic concentration for Cm-244, the major neutron emitter and high
energy gamma emitter (average energy = 7.25 MeV and 9 MeV groups), is
underestimated by as much as 21% and 12.5% for the TMI and REBUS samples,
respectively. For the design basis fuel, the major gamma emitters, Cs-134 (average
energy = 0.9 MeV group) were underestimated by 23%, 34.6% for two TMI samples,
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20.8% for the Calvert Cliffs sample, 19.7% for the Takahama-3 sample, and 14.4% for
the ARIANE sample, respectively. The applicant also referenced NUREG/CR-6701 and
ORNL/TM-13315 for validation of SAS2H at burnups up to 75 GWdA/MTU. The staff
reviewed these publications and found they are not applicable to the TN MP197 package
because (1) the only sample with burnup of 73 GWd/MTU used in NUREG/CR-6701 was
taken from a reconstituted fuel assembly and (2) the maximum burnup for all benchmark
data in ORNL/TM-13315 is 34 GWd/MTU. The staff also consulted the appropriate
authors at Oak Ridge National Laboratory; the answer is stated that these reports were
never intended to be used as basis to support that the validated range of SAS2H is up to
75 GWA/MTU. In addition, NUREG/CR-6701 and a presentation on CASMO validation
presented during a recent Electric Power Research Institute Workshop on Light Water
Reactor Physics Methods shows that the uncertainties of the calculated isotopic
concentrations increase as the fuel assembly burnup increases. However, in the revised
SAR and responses to the RAIs, no quantitative data were provided on the relationship
between these uncertainties and fuel burnup. For these reasons, the applicant is
requested to demonstrate that the gamma and neutron sources calculated for the MP-

- 197 package shielding analysis are within 10% and 5%, respectively, for isotopes that
are important to shielding. Additionally, the applicant should provide documentation to
support the validation range of the SAS2H code up to 75 GWd/MTU.

The applicant is recommended to provide supporting data that the staff may not be
aware of and make justification for the accuracy of the SAS2H source term calculation
for high burnup fuels.

This information is needed for the staff to determine if the package design meets the
regulatory requirements of 10 CFR 71.47 and 71.51.

Response to 5-5

There are many isofopes that contribute to the intensity of design basis gamma radiation sources
among which, **Cs is not the major contributor. As specified in SAR Section A.5.5.1, primary
gamma radiation (PGR) dose rate is essentially contributed by PGR sources in 1.0 to 3.0 MeV
energy range. Any conlribution from other energy groups results in a statistically insignificant
change lo the resulting dose rates. Therefore, even a large deviation (either under or over
prediction) in the concentration of isotopes determined with SAS2H that contribute to intensity of
PGR source in the 7.25 and 9.0 MeV energy groups has no impact on the calculated dose rates.

PGR dose rate is largely due to 1.0 to 1.66 MeV energy group when considering PGR sources from
assemblies at cooling times greater than 5.0 years. '**Cs, half-life 2.065 years, decays via §°
emission (27%, 88.6 keV maximum, 23.1 keV average energy, 70%, 668 keV maximum, 210 keV
average energy) and gamma emission (abs intensities: 97.6% 605 keV; 85.5% 796 keV; 15.4% 569
keV) to "**Ba, half-life stable. The contribution of PGR source energy groups in less than 1.0 MeV
range to the PGR dose rate is negligible for the shielding configurations under consideration.

Differences between the measured concentration of isotopes in spent fuel samples and calculated
with SAS2H are discussed in Section A.5.5.7. Their effect on dose rates near the transportation
cask is also addressed in the section. More discussion is added to Section A.5.2 regarding
applicability of SAS2H code to higher (up to 75 GWJ/MTU) burn-ups, including validation and
associated uncertainties.

!
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5-6 Provide justification for why the neutron sources, as a function of the axial burnup profile,
were not proportional to the fourth power of burnup

Table A.5-15 of the revised SAR provides BWR axial peaking factors for neutron and
gamma sources. A simple calculation of the peaking factor for neutron source along the

axial direction seems to indicate that the neutron source is not proportional to the fourth

| power of local burnup. In comparison, Table A.5-16 shows that the neutron source for

L PWR fuel is proportional to the fourth power of burnup. On page A.5-7a of the revised

| SAR, the applicant states: “The ratio of the true total neutron source in an assembly to

the neutron source calculated by SAS2H/ORIGEN-S for an average assembly burnup is

| 1.326 and 1.152 for BWR and PWR assemblies, respectively.” However, it is not clear

how these numbers are derived and what the bases are for these conclusions.
Furthermore, the ratio for BWR fuel was used in Table A.5.-15, but not used for the PWR
source determination in the same table. It is not clear why the same rule was not applied
to both BWR and PWR fuel. The applicant is requested to provide justification for why
the source term provided in this table does not follow the physical law.

This information is needed for the staff to determine if the package design meets the
regulatory requirements of 10 CFR 71.47 and 71.51.

Response to 5-6

Appendix A.5, Section A.5.2.1 of the SAR contains a description of the determination of the axial
peaking factors for both BWR and PWR fuel. This section is changed to make it clearer as to how
the BWR axial peaking factors were determined. A new table (Table A.5-37) and figure (Figure A.5-
17) have been added to provide justification for the BWR peaking factors.

5-7 Demonstrate that dose rates under normal conditions of transport will not change
- significantly for fuel with natural uranium blankets, even though the source terms in the
enriched fuel regions increases significantly for such fuel.

In its RAI 5-19, transmitted to the applicant on December 2, 2009, the staff requested the
applicant explain how the natural uranium blankets were treated in the source term
calculation and cask dose rate calculations. In the applicant’s response, the applicant
concluded that the natural uranium blankets caused the source terms to increase
significantly, but the impact to dose rates of the cask is insignificant. This conclusion,
however, appears to be in conflict with the basis of the “response function” method used
for fuel qualification. The fundamental assumption of the “response function” method is
that there exists a linear relationship between the outside dose rates and source terms in
the cask. The applicant is requested to demonstrate its conclusion with detailed
calculations.

This information is needed for the staff to determine if the package design meets the
regulatory requirements of 10 CFR 71.47 and 71.51.

Response to 5-7

Proprietary Information Withheld Pursuant to 10 CFR 2.390
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Proprietary Information Withheld Pursuant to 10 CFR 2.390

5-8

Pertinent to the response function method, explain why the response function calculated
with a cask under normal conditions of transport can be used to determine the design
basis HAC source terms.

In its response to the staffs RAI 5-18, transmitted to the applicant on December 2, 2009,
and subsequent RSI 5-3, and the follow-up conference call on the RSls, the applicant
stated that the response function was not used for shielding analysis for the cask under
hypothetical accident conditions. However, on page A.5-26 of Revision 8 of the SAR, the
applicant states: “In summary, the response functions are calculated using the NCT
shielding configuration models for the fuel qualification (to determine acceptable BECT
combinations for various payloads). The neutron dose rates calculated using the
response functions employed to determine the design basis HAC source terms to ensure
that the fuel qualification methodology also ensures that the dose rates are within
acceptable limits under HAC.” There appears to be an inconsistency between these
responses to the same question. The applicant is requested to explain exactly how the
response functions calculated under normal conditions of transport were used in the
safety analyses for the cask under hypothetical accident conditions and provide
justification for such uses. Review of original RAI 5-18 and RSI-3 may be helpful to
address the staff's concerns.

This information is needed for the staff to determine if the package design meets the
regulatory requirements of 10 CFR 71.47 and 71.51.

Response to 5-8

An additional section (Section A.5.5.8.4) is added to Appendix A.5 of the SAR which addresses this

RAI.

5-9

Pertinent to the response function method, provide:

a) Detailed information on the definition of the response function, including the
mathematical formulation and analytical derivation of the equations,
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b) Technical basis for this method, i.e., how and why this approach produces reliable
and accurate results, and

c) Validation and verification of the method, or

d) Publications and references that have demonstrated the validity of the methodology.

In response to the staff's RAI 5-18, the applicant revised the SAR to add some
discussions on the response function method. However, the response to RAIl 5-18 and
the revised SAR do not address the above questions. Specifically, the response to the
RAI did not provide any discussion on why this method is valid and reliable for casks
loaded with various contents. The response did not provide any discussion on why the
complicated particle transport problem can be simplified as a simple arithmetic problem
so that the fuel qualification can be determined using a simple spreadsheet data table.
The fundamental question is to demonstrate that the particle transport problem related to
shielding calculations of the cask is independent of the material composition in the cask
fuel region. The applicant is requested to (1) provide detailed information on the
definition of the response function, including the mathematical formulation and analytical
derivation of the equations, (2) technical basis for this method, i.e., how and why this
approach works, and (3) validation and verification of the method or, (4) publications and
references that have demonstrated the validity of the methodology.

This information is needed for the staff to determine if the package design meets the
regulatory requirements of 10 CFR 71.47.

Response to 5-9

Existing Section A.5.5.8 of the SAR is renumbered as Section A.5.5.9, and a new Section A.5.5.8
is added to Appendix A.5 of the SAR, which addresses this RAI

5-10 Explain exactly how the response function was used for determination of the design
basis HAC source terms and provide justification for why such an approach is
acceptable.

On page A.5-26 of the revised SAR, the applicant states: “The neutron dose rates
calculated using the response functions are employed to determine the design basis
HAC source terms to ensure that the fuel qualification methodology also ensures that the
dose rates are within acceptable limits under HAC.” In its response to RSI-3 of the
acceptance review of the response to the RAI, the applicant states: “From the NCT dose
rate results, the source with largest neutron dose rate fraction was selected as the
bounding HAC source. This occurs for a burnup of 70 GWd/MTU and enrichment of
4.3% U-235, where the neutron fraction of the total NCT dose rate is 85%.” However, it
is not clear how the source giving highest neutron fraction of NCT dose rate will
necessarily be that which will produce the highest neutron dose rate under HAC. In
particular, if the neutron shielding material is highly effective, the neutron dose rate will
be small for all practical purposes. Under HAC, both gamma shield and neutron shield
will lose some shielding capabilities. There is no clear nexus between these two
scenarios. The applicant is requested to clarify exactly how the response function was
used for determination of the design basis HAC source terms and provide justification for
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why such an approach is acceptable. A detailed description for the two types of base
models, as mentioned in the last paragraph of page A.5-12, for both NCT and HAC, and
the input/output files will be helpful for the staff to make the determination that the
package meets the regulatory requirements.

In addition, the applicant is requested to provide code validation results that demonstrate
that SAS2H is validated to 70 GWd/MTU burnup.

Also, the applicant should demonstrate the need for packages for spent fuel with
burnups up to 70 GWd/MTU, given the fact that the Office of Nuclear Reactor
Regulations limits maximum assembly burnup to 62.5 GWd/MTU.

This information is needed for the staff to determine if the package design meets the
regulatory requirements of 10 CFR 71.51.

Response to 5-10

While it is true that the gamma shield will lose some shielding capabilities, the impact on the
neutron shielding is substantially greater in the HAC model analyzed in the shielding calculations. It
is conservatively assumed in the shielding calculation models that 75% of neutron-shielding is lost
during the HAC. The response to RAl Item 5-8 addresses this request. Also, a discussion useful for
addressing this request is presented in the response to RAI Item 5-3.

The validation of the SAS2H module to determine source terms at higher burnups (up to 80
GWdA/MTU) is illustrated in Appendix A.5, Section A.5.2 of the SAR

The need for the requested burnup limit for the MP197HB transport package is discussed in the
response to RAI 2-6.

" 5-11  Demonstrate that SAS2H can model fuel assemblies with low enriched or natural
uranium blankets.

On page A.5-33 of the revised SAR, the applicant states that the use of axial blankets
could be explicitly accounted for in the source term calculation by running SAS2H for
each of the axial regions of the core. However, it was not clear how the power density
and depletion environment were modeled in the source term calculations given the
behavior of the neutron flux in the interface zones of the normal enrichment zone and low
enrichment zone. In addition, the neutron flux in the low enrichment blanketed core is
severely skewed. A model with local burnup may not be able to capture the flux
distortion along the axial direction of the fuel assembly, and there is no axial burnup
peaking factor that covers the fuel assemblies with natural uranium or lightly enriched
uranium blankets. It was also not clear how the 3D effects were treated in a supercell
model code such as SAS2H. The applicant is requested to demonstrate that SAS2H can
mode! fuel assemblies with low enriched or natural uranium blankets.

This information is needed for the staff to determine if the package design meets the
regulatory requirements of 10 CFR 71.47.

Response to 5-11

Proprietary Information Withheld Pursuant to 10 CFR 2.390
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Proprietary Information Withheld Pursuant to 10 CFR 2.390

This evaluation is documented in SAR Appendix A.5, Section A.5.5.6.1.B.

5-12 Provide justification for the conclusion that the extra conservatisms discussed in Section
A.5.5.7 of the revised SAR will bound the uncertainties associated with the SAS2H
source term calculations.

Section A.5.5.7 of the SAR discusses the uncertainties associated with the source terms
calculated by the SAS2H code. However, some of the conservatisms discussed may not
actually be present. For example, the fact that cobalt-60 contents for newer fuel designs
are lower than in older designs may not be considered as conservatism, because the
CoC, once approved, will not prohibit users from loading a cask with high-cobalt-60 fuel
assemblies. Unless the CoC explicitly prohibits high cobalt-60 fuel from the authorized
contents, this conservatism is not available as additional conservatism to dose rates.
The same is true for other parameters listed on page A.5-34b of the revised SAR. The
applicant is requested to provide justification for the conclusion that the listed
conservatisms would compensate for the uncertainties of the SAS2H source term
calculations.

This information is needed for the staff to determine if the package design meets the
regulatory requirements of 10 CFR 71.47 and 71.51.

Response to 5-12

A detailed evaluation that quantifies the conservatisms that can be credited such that the calculated
dose rates on and around the MP197HB cask (accounting for all major uncertainties) are below the
applicable Part 71 limits is documented in Appendix A.5, Section A.5.8 of the SAR.

5-13 Correct the statement on page A.5-4a regarding the dose rate limit to the package
accessible surface.

On page A.5-4a of the revised SAR, the applicant states: “External dose rate at any point
on the outer accessible surface of the package under normal conditions: 1000 mrem/hr
(max).” This is inaccurate because 10 CFR 71.47 requires the package surface dose
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rate to be 1000 mrem/hr only when the package is enclosed in a transport vehicle. The
applicant is requested to revise this statement to make it consistent with 10 CFR 71.47.

This information is needed for the staff to determine if the package designh meets the
regulatory requirements of 10 CFR 71.47.

Response to 5-13
The statement has been corrected. The statement is now located on SAR Page A.5-4b and reads

“External dose rate at any point on the outer accessible surface of the package under normal
conditions: 200 mrem/hr (max).”

5-14 Verify the reference to Table 5.2-7 on page A.5-7 and make corrections as necessary.
Page A.5-7 of the revised SAR references Table A.5-7. The staff was unable to find this
table. The applicant is requested to provide information on the location of this table.

This information is needed for the staff to determine if the package design meets the
regulatory requirements of 10 CFR 71.47 and 71.51.

Response to 5-14
The referenced table (Table 5.2-7) is in the MP197 base SAR (Please refer to ADAMS Accession

Number ML063190444). Note that the MP197HB safely analysis is documented in Appendix A of
the SAR.
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CRITICALITY

Unless otherwise stated, the following information is required in order to ensure that the Model
No. TN NUHOMS MP-197HB package will meet the criticality safety requirements of 10 CFR
71.55 and 71.59, and that fissile material is packaged as if unknown properties have credible
values that will cause the maximum neutron multiplication, per 10 CFR 71.83.

6-1 Revise Section A.6.2.4.A of the application, Axial Burnup Distribution, to clarify the
number and burnup ranges of the axial profiles used in the criticality analysis.

The last paragraph in Section A.6.2.4.A states that the fourth profile is used in the
criticality analysis for burnups greater than 42 GWd/MTU and greater than 4.0 weight
percent initial enrichment. The fourth profile given in Table A.6-3 is for greater than 38
GWd/MTU, and does not state an initial enrichment limit. The application should be
revised to clarify the burnup and enrichment limits for the fourth profile used in the
criticality analysis. : : :

Response to 6-1

The last paragraph in SAR Appendix A.6, Section A.6.2.4.A is revised fo delete the statement in
question, to be consistent with the use of the fourth profile given in Table A.6-3. The fourth profile is
employed at burnups greater than 38 GWd/MTU and does not include an enrichment limit.

6-2 Revise Section A.6.2.7.4, Reactivity Effect of Specific Power During Depletion, to either
add a bias correction for burnups lower than 35 GWd/MTU, or justify that one is not
necessary.

Section A.6.2.7.4 states that a bias of 0.0035 is appropriate for burnups lower than 35
GWd/MTU, as shown in Table A.6-36. This section then states that bias is not
necessary since the SAS2H calculations are benchmarked to the DARWIN code with the
same specific power. This conclusion is not supported by the text of this paragraph.

Revise this section to either use a more appropriate bounding specific power during
depletion at low burnups, or to apply the 0.0035 bias determined for the burnup range.

Response to 6-2

A specific power bias of 0.0035 is conservatively applied to all the burnup values in the loading
curves. Appendix A.6, Section A.6.2.7.4 of the SAR is revised to include this discussion. In
addition, the specific power bias is added to Section A.6.3.4.1.1 and Appendices A.6.5.4, A.6.5.5,
A.6.56 and A.6.5.7.

6-3 Revise Section A.6.3.2.1, SAS2H Fuel Depletion Benchmark Evaluation, to justify using
best-estimate correction factors without adjusting for uncertainty. Additionally, revise this
section to justify crediting absorber isotopes with small numbers of radiochemical assay
samples for depletion code validation.
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Table A.6-10 of the application contains both the mean correction factor and standard
deviation, but the standard deviation does not appear to be included to adjust the final
isotopic correction factors for uncertainty. The isotopic correction factors should be
adjusted to include the uncertainty, or this section should be revised to justify not doing
s0. Additionally, some credited isotopes have small numbers (i.e., less than 30) of
radiochemical assay measurements used for depletion code validation. These small
data sets should be subjected to a normality test to determine if the resulting isotopic
correction factor values should be adjusted based on uncertainties determined using
small-sample statistics.

Response to 6-3

Proprietary Information Withheld Pursuant to 10 CFR 2.390

Appendix A.6, Section A.6.3.2.1 is revised to include the uncertainty evaluation.

6-4

Revise Section A.6.3.2.1, SAS2H Fuel Depletion Benchmark Evaluation, to include a
trending analysis of the SAS2H calculated correction factors independent of the
DARWIN scaling factor adjustment.

Table A.6-10 of the application presents single values of the TN SAS2H average
correction factor, with no dependence on trending parameters important to the depletion
analysis (e.g., burnup or enrichment). Section A.6.3.2.1 should be revised to include a
trending analysis which demonstrates that the average correction factors do not have
significant trends, or they should be adjusted to account for trends.

Response to 6-4

The SAS2H isotopic correction factors (ICFs) are independent of sample enrichment and burnup.
Plots of ICFs against their burnup-to-enrichment (BE) ratios are made and described in Appendix
A.6, Section A.6.3.2.1 of the SAR. The plots are given in Figure A.6-8 with the associated values
shown in Table A.6-37.
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6-5 Revise Section A.6.3.2.1, SAS2H Fuel Depletion Benchmark Evaluation, to clarify how
the isotopic scaling factors from DARWIN benchmarks were calculated, and how these
scaling factors were applied to the SAS2H isotopic correction factor results.

The second paragraph on page A.6-17 of this section states that “A set of correction
factors, based on the average ratios (DARWIN/SAS2H) for all three assembly types, was
determined and these factors are shown in Table A.6-11.” It is not clear, however,
exactly how these correction factors were determined. Additionally, it is not clear how
the isotopic scaling factors determined from the DARWIN calculations were used to
adjust the SAS2H correction factors. This section should be revised to clarify these two
issues.

Response to 6-5

'Proprietary Information Withheld Pursuant to 10 CFR 2.390

Appendix A.6, Section A.6.3.2.1 is revised to provide this clarification.

Unless otherwise stated, the following information is required in order for the staff to
ensure that the Model No. TN NUHOMS® MP-197 package will meet the criticality safety
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6-6

requirements of 10 CFR 71.55 and 10 CFR 71.59 when loaded with the contents
described in the application. ‘

Revise Section A.6.3.2.2, CSAS25 Criticality Benchmark Evaluation, to justify that the
critical benchmarks sufficiently cover the burnup range modeled in the criticality
calculations.

For applicability of the critical benchmark experiments, this section claims that the
highest “credited” burnup corresponds to the lowest burned axial segment of the highest
average burnup assembly, or 26.2 GWd/MTU at the top end of a 50 GWd/MTU assembly
average burnup. In fact, the analysis is “crediting” the highest burned sections of the fuel
as well, which may be significantly above the 50 GWd/MTU assembly average. This
section should be revised to justify that the critical benchmarks sufficiently cover the
burnup range modeled in the criticality calculations.

Response to 6-6

Proprietary Information Withheld Pursuant to 10 CFR 2.390

6-7

Revise Section A.6.3.4.1.2, Single Fresh Assembly Misload Evaluation, to justify the
basket type and fuel assembly placement chosen for this evaluation.

This section states that the NUHOMS-32PT DSC basket is used for the evaluation due to
low number of poison plates, but does not demonstrate that this is the most reactive
case: Provide an analysis of-a similar misload in another canister (e.g., 37PTH) to
demonstrate that the 32PT is the most sensitive to a misload. This section also states
that the misload evaluation is performed with the misloaded assembly in periphery of
basket where there is no poison plate. This section should be revised to justify that this
assumption is conservative compared to placing assembly in the center of basket.
Additionally, this section does not state what the enrichment of the fresh assembly used
in the evaluation is. Revise the application to provide this information. Note that
although the basket may be administratively limited in the enrichment of the assembly
that can be loaded, there may be higher enrichment fuel available in the pool for
misloading. The misload analysis should consider the maximum reactivity assembly that
may be misloaded.

Response to 6-7

Propriétary Information Withheld Pursuant to 10 CFR 2.390

This is discussed in Appendix A.6, Section A.6.3.4.1.2 of the SAR.
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6-8 Revise Section A.6.3.4.1.3, Multiple Underburned Assemblies Misload Evaluation, to
state why Yankee Rowe, San Onofre 1, Haddam Neck, Maine Yankee, Zion 1 & 2,
Indian Point 1, Rancho Seco, and Trojan were excluded from the misload evaluation.

It is not clear that these assembly types are specifically excluded as allowable contents
in the NUHOMS MP-197 package.

Response to 6-8

Proprietary Information Withheld Pursuant to 10 CFR 2.390

This is discussed in Appendix A.6, Section A.6.3.4.1.3 of the SAR.

6-9 Revise Section A.6.3.4.1.3, Multiple Underburned Assemblies Misload Evaluation, to
justify the basket type chosen for the misload evaluation.

This section states that the NUHOMS-32PTH1 DSC Type C basket is used for the
misload evaluation as it is the most common in use. This analysis should consider the
basket that is likely to be most sensitive to such a misload. Note that for the single fresh
assembly evaluation, the NUHOMS-32PT was considered to be the most sensitive due
to the low number of poison plates. Note also that although the 32PTH1 DSC may be
-the most common PWR canister in use today, this may not be the case in the future as
utilities transition to higher density cask systems.

Response to 6-9

Proprietary Information Withheld Pursuant to 10 CFR 2.390

This is discussed in Appendix A.6, Section A.6.3.4.1.3 of the SAR.
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6-10 Revise the application to include a reduction in the reactor record burnup value by the
uncertainty in that value.

It is not clear that uncertainties in reactor record burnup values are included when
evaluating whether or not candidate fuel assemblies meet the appropriate loading curve
burnup value. Interim Staff Guidance-8 (ISG-8), Revision 2, Burnup Credit in the
Criticality Safety Analyses of PWR Spent Fuel in Transport and Storage Casks,
recommends that the assembly burnup value to be used for loading acceptance (termed
the assigned burnup loading value) should be the confirmed reactor record value as
adjusted by reducing that value by its associated uncertainty.

Response to 6-10

The uncertainty associated with burnup and enrichment to evaluate the candidate fuel assemblies
against the requirements of the burnup loading curve is not included in the criticality analysis.
However, the loading requirements shown in SAR Table A.1.4.2-7 for the 32PT DSC, Table A.1.4.3-
8 and Table A.1.4.3-8A for the 24PTH DSC, Table A.1.4.4-8 and Table A.1.4.4-8A for the 32PTH
DSC, Table A.1.4.5-8 and Table A.1.4.5-8A for the 32PTH1 DSC and Table A.1.4.6-6 for the
37PTH DSC include the recommended considerations for uncertainty. These requirements are
shown below:

“Use burnup and enrichment to lookup minimum cooling time in years. Licensee is responsible for
ensuring that uncertainties in fuel enrichment and burnup are conservatively applied in
determination of actual values for these parameters (uncertainty in enrichment to be added and
uncertainty in burnup to be subltracted)”.

6-11 For canister loading curves crediting 40 years of cooling, revise the application to
include a transportation cooling time limit of 160 years, beyond which the package would
need to be reevaluated for criticality safety prior to transportation.

ISG-8 contains a maximum cooling time credit of 40 years, due to the fact that reactivity
will decrease after this point until about 100 years, and then rise again to roughly the
same reactivity at about 200 years. At the time ISG-8 was published, this transportation
window of between 40 to 200 years was considered sufficient to allow transportation of
most spent fuel. The NRC has recently undertaken an effort to identify issues related to
potential long-term storage of dual-purpose spent fuel storage casks and transportation
packages, considering a potential storage time frame of 300 years or more. Given this
recent focus on long-term storage, staff considers it prudent to condition spent fuel
transportation package certificates of compliance to require a re-evaluation of burnup
credit if fuel is in storage for a period of time in which the reactivity may be higher than
when originally evaluated.

Response to 6-11

The SAR (Appendix A.1.4.2 through Appendix A.1.4.6) is revised to include a cooling time limit of
160 years for DSCs where bumup credit is applied to the criticality evaluations.
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6-12 Revise the damaged fuel configuration for the NUHOMS-61BT DSC to consider rod
pitch expansion and loss of rods from the lattice.

Rod pitch expansion and loss of rods from the fuel lattice was considered for every other
DSC for which damaged fuel is an allowable content, and was shown to be the most
reactive condition of the damaged fuel. The NUHOMS-61BT criticality analysis appears
to consider only single- and double-ended rod shear in the damaged fuel criticality
analysis. The application should be revised to either demonstrate that these two
configurations are more reactive for the NUHOMS-61BT DSC, or revise the evaluation to
consider rod pitch expansion and loss of rods from the lattice, consistent with the other
DSC damaged fuel evaluations.

Response to 6-12

Proprietary Information Withheld Pursuant to 10 CFR 2.390

6-13 Revise the application to clarify the damaged fuel configuration for the WE 14x14 class
fuel assemblies in the NUHOMS-32PTH/32PTH1 DSC.

Section A.6.5.4.4.2.C discusses the determination of the most reactive WE 17x17 class
damaged fuel assembly, but does not include a similar evaluation of the WE 14x14 class
fuel assembly. Without such an analysis, it is unclear how the WE 14x14 assembly class
acceptable average initial enrichment and burnup combinations for damaged fuel, given
in Table A.6.5.4-15, were determined. The application should be revised to show how
damaged WE 14x14 class fuel assemblies were modeled in the criticality analysis. Note
that this information may also be necessary to clarify the modeling of damaged WE
14x14 class fuel assemblies in the NUHOMS-24PTH and -37PTH DSCs.

Response to 6-13

Proprietary Information Withheld Pursuant to 10 CFR 2.390
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Proprietary Information Withheld Pursuant to 10 CFR 2.390

6-14 Revise this section of the application to clarify the number of damaged fuel assemblies
allowed to be shipped in the 24PTH DSC. Additionally, clarify whether or not CE 16x16
fuel assemblies are intended as allowable contents. '

Section A.6.5.5.2 of the application, Package Fuel Loading, states that “a maximum of 8
damaged and remaining intact (for a total of 24) PWR fuel assemblies can also be
transported within the NUHOMS-24PTH DSC. Section A.6.5.5.3 of the application,
Criticality Results, states that the DSC can transport “up to 12 damaged (up to 8 failed)”
fuel assemblies. The application should be revised to be consistent in all sections that
discuss damaged/failed fuel. Additionally, Table A.1.4.3-2 of the application does not list
CE 16x16 fuel assemblies as allowable contents, while they are listed in the loading
curves described in Tables A.6.5.5-9 and A.6.5.5-10 of the application. The application
should be revised to clarify whether or not CE 16x16 fuel assemblies are intended as

allowable contents.

This information is needed to ensure that the contents of the Model No. TN NUHOMS
MP-197 package are adequately described, per the requirements of 10 CFR 71.33.

Response to 6-14

A maximum of 12 damaged assemblies are allowed for transport within the 24PTH DSC. SAR
Appendix A.6.5.5, Section A.6.5.5.2 is revised to provide this clarification.

CE 16x16 class fuel assemblies are not authorized for transport within the 24PTH DSC. The SAR
is revised to delete all references to CE 16x16 class fuel assemblies in Appendix A.6.5.5 and

Appendix A.1.4.3.

6-15 Revise the application to clarify the loading requirements for damaged fuel in the
NUHOMS-24PTH DSC.
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Table A.6.5.5-10 provides the acceptable average initial enrichment and burnup
combinations for damaged fuel loaded in the NUHOMS-24PTH DSC. Itis not clear,
however, if these limits are applied to the damaged fuel only, or for all fuel in the DSC
when damaged fuel is loaded. The application should be revised to clarify the damaged
and intact fuel loading requirements.

This information is needed to ensure that the contents of the Model No. TN NUHOMS
MP-197 package are adequately described, per the requirements of 10 CFR 71.33.

Response to 6-15

For the 24PTH DSC, the limits shown in Table A.6.5.5-10 are applicable to all fuel assemblies
(intact, damaged and failed) whenever damaged and/or failed assemblies are loaded.

The SAR is revised to provide this clarification in Appendix A.6.5.5 and Appendix A.1.4.3.
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PACKAGE OPERATIONS

7-1

Provide technical justification that Chapter 7 and Chapter 8 are not required to be
referenced in their entirety in the CoC.

The applicant marked only part of the Operating Procedures and Acceptance Tests and
Maintenance Programs as conditions of the CoC. The staff reviewed the proposed
justifications and they are not sufficient. In particular, given the potential aging of the
materials used in the cask because of prolonged storage before shipment, the entire
Operating Procedures and Acceptance Tests and Maintenance Programs are required
as conditions in the CoC. The example the applicant provided as rationale for not
including the entirety of Chapter 7 and 8 is not relevant and not the common practice
(see NUREG-1617, Section 8.2.4; NUREG-1609, Section 7.5; and ISG-20).

This information is needed for the staff to determine if the package design meets the
regulatory requirements of 10 CFR 71.47, 71.85, and 71.87.

Response to 7-1

Chapters A.7 and A.8 have been revised and now may be referenced in their entirety in the

CoC.

For this licensing action, CoC mark-ups of suggested changes have been provided informally, as a
courtesy, to the NRC staff via the project manager. Changed CoC mark-ups reflecting these
Chapters A.7 and A.8 changes will be provided informally, as a courtesy, as before.

7-2

Modify Chapter 7, A.7.1.5 to add dose rate measurements and calculation of Transport
Index as part of the procedures.

Section A.7.1.5 of the SAR defines the operating procedures for the NUHOMS MP-197
packages. However, it appears that the dose rate measurements and calculation of the
Transport Index were not included in the operating procedures. The applicant is
requested to revise Chapter 7 of the SAR to add dose rate measurements and
calculation of Transport Index as part of the procedures.

This information is needed for the staff to determine if the package design meets the
regulatory requirements of 10 CFR 71.47, 71.83, and 71.87.

Response to 7-2

Chapter 7, Section 7.1.5 has been updated to include all required pre-shipment radiation
measurements. However, similarly to Section A.7.1.4 of Chapter A.7, no Transport Index is
calculated. Because this is an exclusive use shipment, the Tl is assumed to be greater than 10

and is not required under 10CFR 71.47 (b).
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ACCEPTANCE TESTS AND MAINTENANCE PROGRAM

8-1 Provide evaluations of the neutron shielding material that include radiation effects as
well as thermal effects in combination. '

RAI 8-2, provided previously, requested test results that demonstrate the neutron shield
will not degrade over time. Radiation from the package contents will also affect the
neutron shielding material. The response did not include results of evaluations/tests for
radiation effects combined with thermal effects. This information is important in
understanding the neutron shield performance over time. Additionally, the

application should address a time frame of greater than 20 years, since the canisters
loaded with spent fuel could be in storage for a longer period of time. Otherwise, a
neutron shield maintenance test of adequate periodicity should be included in Chapter
A.8 of the application due to the possible use of a package for greater than 20 years.

This information is needed for the staff to determine if the package design meets the -
regulatory requirements of 10 CFR 71.83 and 71.87.

Response to 8-1

The neutron shielding material, VyalB is a thermosetting matrix with hydrogen content, infusible,
water resistant and temperature resistant. The cross linking of the polymer leads to a rigid 3
dimensional lattice, solid and resisting to transport or storage conditions. Mineral fillers include
alumina trihydrate and zinc borate, providing hydrogen, boron (neutron capture) and good fire
resistance.

The neutron shielding material has been subjected to considerable testing in order to demonstrate
its long-term performance. The testing has included both nuclear and thermal testing with attention
- paid to long term effects as one of the uses for this material is in storage casks. This testing is
described in Enclosure 10, a presentation made to the ASTM C26 committee in 2008.

The thermal testing included long term tests at elevated temperatures to evaluate thermal
degradation. These tests, as described in Enclosure 10, showed a thin layer of oxidized material
formed at the surface of the test samples but no loss of hydrogen or mechanical damage below the
oxidized layer. Surface cracks appeared after long-term testing at 170° C but not at the long term
operating limit of 160° C. These tests and other described demonstrate that the thermal capability
of VyalB exceeds the requirements imposed by the MP197HB design.

Tests of the ability of VyalB to withstand a radiation environment were also conducted and are
described in Enclosure 10. The mechanisms of radiation degradation of neutron shielding materials
can include breaking of the main polymer chain, cross linking, production of unsaturated bonds and
oxidization. Testing results show that degradation starts at more than 10" n/cm? fast neutron
fluence, corresponding to a dose of 10° Gy. This fluence is far greater than the shielding material
would experience when used in a transport cask application where the fluence level for is expected
to be approximately 10" n/fcm? after 40 years of continuous use.

Based on results of the thermal and radiation testing, it can be concluded that VyalB will provide

sufficient shielding when subjected to long term exposure to both environments since the effects of
either (especially neutron fluence) are minimal. :

Page 35 of 36



RAIls and Responses (Non-proprietary version) Enclosure 14 to TN E-30577

Note also that this application is for a transport cask where the exposure to either neutron fluence
or elevated temperatures is limited. Thus long-term test results translate to extremely long transport
cask lifetimes.
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FOREWORD

This report documents the work performed in the Coordinated Research Project (CRP) on
Hydrogen and Hydride Degradation of the Mechanical and Physical Properties of Zirconium
Alloys. The Project consisted of hydriding samples of Zr-2.5 Nb pressure tube materials used
in CANDU-type and RBMK reactors, the measurement of delayed hydride cracking (DHC)
rates under specified conditions, and analysis of hydrogen concentrations. The project was
overseen by a supervisory group of experts in the field who provided advice and assistance to
the participants as required.

All of the research work undertaken as part of the CRP is described in this report, which
includes a review of the state of the art in understanding crack propagation by DHC and
details of the experimental procedures that produced the most consistent set of DHC rates
reported in an international round-robin exercise to this date. All of the participants and many
of their co-workers in the laboratories involved in the CRP contributed results and material
used in the drafting of this report, which contains compilations of all of the results, their
analysis, discussions of their interpretation and conclusions and recommendations for further
work.

The research was coordinated in three laboratories in industrialized Member States and seven
laboratories in developing Member States. Besides the basic goal of transfer of “know-how”
at the laboratory level from some experienced laboratories and the supervisory group to those
starting off in the field, the CRP was set up to harmonize experimental methodologies in an
attempt to produce consistent data sets, both in the results from a particular laboratory and
from one laboratory to another. DHC is sensitive to the local microstructure and internal stress
in the area of the crack tip as well as to the temperature history and stress state of the sample.
Thus it was clear from the outset that to obtain consistency in the results and their
interpretation from laboratory to laboratory, it would be necessary for each participant to
work with samples of the same, well-characterized materials and to develop and follow a
standard set of experimental protocols.

The basic scope of the programme was originally formulated by the IAEA with the help of the
supervisory group in March 1998. It was based on the materials and experimental procedures
developed over several decades at the host laboratory of the CRP, the Chalk River
Laboratories (CRL) of Atomic Energy of Canada Limited (AECL). The CRP began formally
with the signing of contracts and agreements in the second half of 1998. The first research
coordination meeting (RCM) was held in December 1998. At this RCM, standard compact
tension samples and rings cut from a single CANDU Zr-2.5Nb pressure tube were given to
each participant together with detailed instructions for the measurement of DHC and for
hydriding samples to a given target concentration. The second RCM was held in Pitesti,
Romania, in June 2000 and at that meeting each participant was given a ring of RBMK
channel tube material, kindly provided by the Lithuanian participant, for testing within the
framework of the CRP. Later in 2000, each participant was provided with a bottle containing
10 standard pellets of Zr-2.5Nb material provided by the host laboratory for hydrogen
analysis in a round-robin exercise. The third and final RCM was held in July 2002 in
Studsvik, Sweden. Supervisory group meetings were also held at appropriate times to review
the results obtained. The CRP was completed and documented at the end of 2002.

The TAEA wishes to thank all of the participants in the CRP for their contributions to this
publication. In particular, the IAEA is grateful to the host laboratory (CRL, Canada) that
generously provided most of the materials and standard samples for testing during the CRP.



Special thanks are also due to C.E. Coleman (AECL, Canada) who represented the host
laboratory and led the supervisory group and to M. Roth (Pitesti, Romania) and V. Grigoriev
(Studsvik, Sweden) for their outstanding contributions to the CRP in organizing the RCMs at
their institutes. The IAEA officer responsible for this publication was [.G. Ritchie of the
Division of Nuclear Fuel Cycle and Waste Technology.
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The mention of names of specific companies or products (whether or not indicated as registered) does
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CONTENTS

CHAPTER 1. INTRODUCTION ......ootiieiniiirireieieneeeenmcteseeesesse s ssesessessssssssossossosessonssaess 1
References 10 Chapter 1 ........ooucceiinencniciccccrt e 4

CHAPTER 2. DELAYED HYDRIDE CRACKING TESTING —

STATE OF THE ART ..ottt satensn e 5

2.1. General description of the phenomenon............cccccccoeiiiiiiciiiie 5
2.2. Models 0f DHC CTacking ........cccoevereevirniireeee e ereeninrcectrire sttt esesmeeseesnesenennesesesans 7
2.3. Hysteresis in the solubility of hydrogen in zirconium ..........c.cccocvivivinininnveneniincnnens 9
2.4. Solubility hysteresis and DHC testing .........c.cocceiviiiiiciiiiiiinicicecneneeceens 12
2.5. Conditions for crack tip hydride fracture ...........c.cocerviniiininiiiiceeee 15
2.6. co-ordinated research program teStiNg .........cc.ccvcereriririrererererenirnceercererenee e eneenens 16
2.7, SUITIMATY ©1eveeiieieieie ettt ste bt eteseseessemsen e s s ese s sa s s aee st et e b eatesaesmcssesansasesenenesneses 16
References to Chapter 2 ...ttt st e eae e e s e nre e s 16
CHAPTER 3. EXPERIMENTAL PROGRAM .....c.ccoerteimiiiniricieereneceeeceieneeeceeesaeneen ... 19
3.1, PRHOSOPRY .ottt bbb e e 19
3.2, MALEIIAlS .....ocieeiieereeeereesre ettt ettt e st bee et e st sh e bt e e e ene e s 19
3.3. Specimen preparation and teSting ............coeereriiniiiiiniini s 26
3.3.1. Adding hydrogen.........ccooevveeirieeioienineneier ettt eeeees 26

3.3.2. TSt SPECITMEI..cuvvieveiieieeeiienieeteetereette ettt e st e see et e s e s neeseseeseseesanesanenesens 30

3.3. 3. DHOC ESHNZ.c.eecvireieeiieriieiteeeeeeeerscest sttt st st bbb sresasssno e 30

3.4, Hydrogen analySiS .......ccccceiivervuirieriniririreeie s creeceecrenie e esessesaneeseesneseesaesanesecenes 32
References to Chapter 3 ..ottt st et s s e s naes 33
CHAPTER 4. RESULTS AND DISCUSSION .......cccoviniiniiiniiiiinireneincnisnsses s 35
4.1. Source Of test data ..........coevviviriniiiiiinriiiii 35
4.2. Phase 1: Tests at 250°C on CANDU pressure tube ..........cccoeeevevenccrenienincciiiniienianens 36
4.3. Phase 2: Tests at other temperatures on CANDU pressure tube........c.cccocevenercrvcrennn 42
4.3.1 SPecimen PreParation .........ccoeeeereerereereereeiererereseseeresseersesteseeseesesssesesseressens 42

4.3.2. Results Of DHC eSS .....cccoueereriiirireccriiecietcenicnieneeee st ssesaenesanas 46

4.4. Phase 3: Tests on other materials ..........ccccooveriiiiininicnniciee et 47
4.4.1. RBMK Zr-2.5 Nb with TMT-1 heat-treatment.........cc.cceccevvereenireniiencrenccncenne 47

4.4.2. CANDU tube from Cernavoda...........cccorurvirueiniriiiiniecnniiciciseecenee s 55

4.4.3. HWR tube from India........cccceveninmmnninenen et e 56

4.4.4, Other RBMK materials ......ccocceeviiiiniiiiniiiienieecetercnee et 58

4.4.5. Alternative measurement method — CANDU tube RX094...........coceovrernenee, 58

4.5, SHALIONS. .-ceeeiteiirieee ettt et et b s e et e s e st st e et e et et e saesmesseeane seesresseeseen 59
4.6. Inter-laboratory comparison on hydrogen analysis.........c.cocceceeeerrenieerinrercencnercenens 62
4601, PIrECISION .c..erueemeetieieiirtee et ereen et st s eesnesresr b esbe e sbe e bbb 64

4.6.2. BlaS...ccceeeiieeieereere et ssee s nsssneesene s eeeeetreeeaaate e reeaarrareenbaeeennes 64

4.7, DISCUSSION w.cuvervirenieninienseteeerenteeeestesesen et e seresetsse st st beene s ebesa e sebaereobessesesssonessosssseses 66

References to Chapter 4 ..ottt e e e s e 73



CHAPTER 5. MEASUREMENT OF DHC VELOCITY IN FUEL CLADDING USING THE

PIN-LOADING TENSION TEST .....coeoiiiiiiiiitcinineiicnienencctreseeeies 77
5.1 MEROM ...ttt et s 77
5.2, RESUIES certereiiieetee ettt et b e et et b et e e e ennene 79
5.3, SUMMATY «..vvieiiiiciiiiiieniiereieestersraeessetesseessesensessrneessesessasesaesesssesansessnsessseeaesesessaresnesenss 80
References to Chapter 5 ... ..ottt et et ettt et st e e 81
CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS .......ccccocivminnriinenneienene 83
LIST OF PARTICIPANTS ...ttt st sae e sttt 87
APPENDICES ON CD-ROM

APPENDIX I: PREPARATION OF MATERIAL AND SPECIMENS
APPENDIX II: DHC AXIAL VELOCITY TEST PROCEDURE

APPENDIX III: PROCEDURE FOR ADDING HYDROGEN TO SMALL SECTIONS OF
ZIRCONIUM ALLOYS

APPENDIX IV: DETAILS OF DHC TEST RESULTS



CHAPTER 1

INTRODUCTION

Zirconium alloys are used in water reactors because of their low capture cross-section for
thermal neutrons and good mechanical and corrosion properties. Early in their application,
hydrogen was identified as an embrittling agent. The source of the embrittlement was hydride
precipitates that formed as platelets [1.1] Usually, low ductility was found below about 150°C
with impact testing or in tensile testing when the normal to the hydride plates was parallel to
the tensile stress. Much effort was expended in keeping the hydrogen concentration low and
ensuring that any hydrides were in a benign orientation. Results from a few laboratory
experiments hinted that zirconium alloys may also fracture by a time-dependent mechanism
involving hydrogen, but the first practical confirmation of such a mechanism was the cracking
of experimental fuel cladding made from Zr-2.5 Nb [1.2]. Cracks were found in the heat-
affected zone in the weld between the cladding and its end-cap after several months of storage
at room temperature. Hydrides were associated with the cracks and the process was called
Delayed Hydride Cracking — DHC.! A factor contributing to the fracture was high residual
tensile stress from the welding.

Later, high residual stresses were shown to be responsible for DHC in Zr-2.5 Nb pressure
tubes. In CANDU, the pressure tubes are about 6 m long, 104 mm inside diameter and 4 mm
thick and are made from cold-worked material. They are joined to the reactor at their ends by
a mechanical joint. The tube end is placed inside a thick-walled tube of 403 stainless steel
containing three internal, circumferential grooves and the pressure tube is internally rolled to
make a seal at the grooves; this configuration is called a rolled-joint. If the rolls are advanced
too far, part of the pressure tube is deformed without support from the stainless steel and large
residual tensile stresses, up to 700 MPa, arise. Consequently, cracks may initiate. When a
crack penetrates the tube wall, heat-transport water leaks and is detected, and the reactor is
shutdown. Once the leaking tubes are identified, they are removed and replaced. Twenty tubes
out of 780 in Pickering Units 3 and 4 leaked [1.3]. The cracks initiated on the inside surface
and grew by DHC radially and axially in a series of bands, Fig. 1.1. The interpretation was
that the cracks grew at low temperatures by DHC, but once the reactor was at power and the
pressure tubes were at a high temperature, >250°C, cracking stopped because the low
hydrogen concentration, <15 ppm, was all in solution. The crack surface oxidized. Cracking
continued during subsequent reactor shutdowns and the stopped crack continued to oxidize
during power production. Each band on the fracture surface corresponded with a reactor
shutdown and period of operation, with cracking at the expected rates for DHC at the
temperature of the shutdown [1.4]. To prevent further occurrences of such cracking,
depending on the reactor, the residual stresses were minimized by stress-relief or redesign of
the rolled-joint [1.5].

Cracking in the pressure tubes in RBMK reactors had a similar cause. These tubes have a
length of about 8 m, an inside diameter of 80 mm and a wall thickness of 4 mm, and the
Zr-2.5 Nb is partly recrystallized. The final stage of fabrication involved straightening that
induced residual tensile stresses of about 350 MPa. Twenty tubes out of a population of
20,000 leaked because of cracking by DHC initiated on the outside surface. Most of the
failures were in the first two years of operation of the Kursk and Chernobyl reactors [1.6].

' In the literature on zirconium alloys, the time-dependent cracking involving hydrogen has had several names
but the accepted one is delayed hydride cracking or DHC.



Similar cracking was observed in guide tubes. Stress relief after straightening has prevented
further cracking.
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Fig. 1.1. Through-wall crack in a CANDU Zr-2.5 Nb pressure tube, showing oxidized crack
growth bands. The crack initiated at the inside surface just inboard of the rolled joint.

These failures prompted much research on the phenomenology and mechanisms of DHC in
zirconium alloys. Although no new cracks have been observed in CANDU or RBMK reactors
during the past 18 years, as the reactors age the spectre of DHC looms because of increasing
hydrogen concentration from corrosion and potential mechanical damage to the surfaces of
the pressure tubes. Thus constant vigilance is required. The results of the research are used to
determine the life of the pressure tubes due to both crack initiation and subsequent DHC
propagation. Should a crack initiate and penetrate the tube wall, water leaking from the
through-wall crack is detected and the reactor must be capable of being shut-down before the
critical crack length is reached and the pressure tube ruptures. This sequence is the basis for
Leak-Before-Break (LBB) [1.7]. The values required to support LBB are knowledge of the
length of the crack at leakage, the critical crack length for rupture and the velocity of DHC in
the axial direction of a tube. The latter quantity is the focus of this project. The IAEA set up a
co-ordinated research programme (CRP) on Hydrogen and Hydride Induced Degradation of
the Mechanical and Physical Properties of Zirconium-based Alloys the objective of which
was to transfer “know-how” on laboratory practices to member states who have pressure tube
reactors but were unfamiliar with DHC testing. The participating Institutes in the CRP are
listed in Table 1.1%. The major goal of the programme was to establish a uniform and
consistent laboratory practice to determine the DHC velocity in the axial direction of pressure
tubes to be followed internationally so that meaningful inter-laboratory comparison of the
results could be made. Two reference materials were tested — CANDU cold-worked Zr-2.5 Nb
and RBMK Zr-2.5 Nb in the TMT-1 heat-treated condition. Participants were encouraged to
test examples of their own material for comparison with the reference materials.

As an extension of this CRP, preliminary development of a test method for fuel cladding is in
progress [1.8]. In some Zircaloy nuclear fuel cladding used in boiling water reactors (BWR),
hydride cracking is strongly implicated in long splits that allowed substantial leakage of
fission products [1.9-1.11]. Cladding in BWRs is usually a tube with diameter of about

% The names of the participating Institutes and their usual acronyms are given in the list of Contributors, page
101. For simplicity in the text participants are simply referred to by their country and the Republic of Korea is
given as ROK.



TABLE 1.1 Participating Institutes, countries and their reactor types of interest

INSTITUTE? COUNTRY REACTOR TYPE
CNEA Argentina CANDU, PWR (D,0 moderated)
AECL Canada CANDU
NPIC China CANDU, PWR
BARC India Indian HWR
KAERI ROK CANDU, PWR
LEI Lithuania RBMK
PINSTECH Pakistan CANDU
INR Romania CANDU
VNINM Russia RBMK, WWER
STUDSVIK Sweden BWR, PWR, surveillance on

RBMK

10 mm, wall thickness of about 0.6 mm and length of about 4 m. The Zircaloy is usually
recrystallized and in some designs of fuel rod the inside surface is lined with another
zirconium alloy or pure zirconium, to prevent stress corrosion cracking by fission products,
such as iodine [1.12]. If the cladding wall is penetrated during operation, for example by
fretting, water from the heat-transport system can enter the fuel cavity where, because of the
low pressure, steam is produced. Much hydrogen is generated because the steam oxidizes the
fuel and the inside surface of the cladding, reducing the partial pressure of oxygen and leaving
a gas rich in hydrogen. This process is called “oxygen starvation”. At some distance from the
primary defect the gas stream becomes almost pure hydrogen, and with break down of the
protective oxide layer, copious quantities of hydrogen may be absorbed by the cladding
[1.13]. Sometimes, “sunbursts” of hydride are formed on the inside surface. Although the
pure Zr liner was often found to be completely corroded, and therefore contributed hydrogen
to the inventory and stress through expansion via the oxide, it is not a necessary requirement
for the secondary damage because unlined fuel cladding behaves in a similar manner. With
fuel expansion during fuel shuffling, the hydrided cladding is stressed which leads to crack
initiation. The cracks grow through-wall and may be over 1 m long. The fractures are
characterized by brittle regions in “striations” or “chevrons”, with the crack front often
leading towards the outside surface of the cladding [1.14]. The lower bounds of the crack
velocities were in the range 4 x 10 to 5 x 107 m.s” based on assuming constant growth rates
in the time between first detection of the defect and removal of the fuel. The mechanism of
cracking appears to be a form of DHC [1.10, 1.15] perhaps exacerbated by a continuous
additional supply of hydrogen from the steam inside the fuel element [1.16]. Careful reactor
core management can mitigate the consequences of a primary defect by controlling the fuel
expansion,

In this report, in Chapter 2 background to DHC is provided to show the technical basis for the
test procedures, Chapter 3 describes the materials, specimen preparation and test methods, and
an interlaboratory comparison of hydrogen analysis, the test results are discussed in
Chapter 4, possible future work on fuel cladding is described in Chapter 5 while in Chapter 6
conclusions and recommendations are made.
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CHAPTER 2

DELAYED HYDRIDE CRACKING TESTING - STATE OF THE ART

2.1. General Description of the Phenomenon

Delayed hydride cracking is a sub-critical crack growth mechanism occurring in zirconium
alloys as well as other hydride-forming materials that requires the formation of brittle hydride
phases at the tip of a crack and subsequent failure of that hydride resulting in crack extension.
The basic process is illustrated in Fig. 2.1.

GEICTHAL CRACE

Fig. 2.1. A schematic illustration of a single step in DHC starting with a notch under stress
(top), hydride precipitation at the notch (middle) and fracture of hydride and crack extension
from the notch (bottom).

Hydrogen in solution in the zirconium alloy is transported to the crack tip by diffusion
processes where it precipitates as a hydride phase. When the precipitate attains a critical
condition, related to its size and the applied stress intensity factor, K, fracture ensues and the
crack extends through the brittle hydride and arrests in the matrix. Each step of crack
propagation results in crack extension by a distance approximately the length of the hydride.
This step-wise progression may leave striations on the fracture surface corresponding to each
step that can often be observed with a low power light microscope.

As with many other stable crack propagation mechanisms, the phenomenon of cracking can
be generally described by the dependence of the crack growth rate or crack velocity on the
applied stress intensity factor. The general shape of such a relationship has been shown to be
similar to that demonstrated in many forms of environmentally assisted cracking and is
illustrated in Fig. 2.2 [2.1, 2.2, 2.3]. This figure shows that, at stress intensities below a
threshold, Ky, cracks do not grow even though a quantity of hydride may accumulate at a
crack tip under stress. In DHC, the transition to the plateau velocity portion of the velocity vs
K; curve is quite abrupt [2.4] and then the velocity does not change significantly with
increasing K; until the applied K; approaches the fracture toughness corresponding to the
initiation of unstable fracture for the material under test.
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Fig. 2.2. A schematic representation of the relationship between crack velocity and stress
intensity factor exhibited by the DHC phenomenon.

The velocity of the crack in the plateau region of the velocity-K; curve has been found to have
strong temperature dependence, as shown in Fig. 2.3. This temperature dependence reflects
both the rate at which hydrogen in solution can be transported to the crack tip and the amount
of hydride required to be formed for each fracture step in the propagation. Together, these
determine the amount of hydrogen required to be transported per unit distance of crack
growth The rate of transport of hydrogen to the crack tip is dependent upon the diffusion
coefficient of hydrogen in the material, the amount of hydrogen available to be transported
(the hydrogen dissolved in the metal) and the driving force for moving the hydrogen to the
crack tip. Because the diffusion coefficient and the maximum amount of hydrogen available
to be transported are both thermally activated phenomena, the crack velocity has the
temperature dependence of a thermally activated process, decreasing with decreasing
temperature.

The driving force for movement of hydrogen in solution to the crack tip is the gradient in the
chemical potential of the hydrogen in solution that is determined by both the concentration
and the stress state [2.5]. Hydrostatic tension reduces the chemical potential of hydrogen in
solution in the material. Since the stress state near a crack tip under load is dependent upon
the material yield stress, there is an expectation that the driving force can be higher in
materials with higher yield strength. This would lead to a higher rate of diffusion of hydrogen
to the crack tip and a higher crack velocity even if other factors (such as the amount of
hydrogen required per unit length of crack extension) were unchanged.

These general features of the crack growth process were recognized in some of the initial
studies of the phenomenon. However, understanding many of the details of the process
remains an active area of investigation [2.6-2.10].
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Fig. 2.3. The temperature dependence of the plateau in DHC velocity vs K; [Ref. 2.4].

The amount of hydrogen dissolved in the metal and available for diffusion to the crack tip is a
critical determinant of the cracking phenomenon. Some of the earliest experimental work on
DHC, demonstrated that the upper temperature limit at which DHC could be observed
corresponded closely with the temperature at which all hydrides could be dissolved on heating
[2.11]. The hysteresis of the solubility of hydrogen in zirconium alloys [2.12-2.14], affects
the crack growth rate that are relevant both to measurements of crack growth rates and to their
prediction for the operating conditions of zirconium components in nuclear reactors. DHC
crack growth rates have been observed to be dependent upon whether the crack growth
temperature is approached by cooling or by heating [2.15]. These observations are a direct
result of the hysteresis of the solubility of hydrogen in the material [2.16].

The purpose of this chapter is to review the phenomenon of DHC with emphasis on current
understanding and how that understanding was used to establish a program of testing for this
coordinated research project.

2.2, Models of DHC Cracking

The initial theoretical description of DHC was based on the model illustrated in Fig. 2.4 [2.2].
In this model, there is a hydride growing in the stress field of the crack tip.

The crack tip hydride grows due to the migration of hydrogen from hydrides in the bulk of the
material at some characteristic distance from the crack tip. The driving force for the diffusion
of the hydrogen is the difference in the chemical potential of hydrogen in the crack tip hydride
due to the local hydrostatic stress field and the chemical potential of hydrogen in the hydrides
under a reduced hydrostatic stress at the characteristic distance from the crack tip. Due to the
positive partial molar volume of hydrogen in the hydrides, increasing tensile hydrostatic stress
on a hydride reduces the chemical potential of hydrogen in that hydride. Therefore there exists



a chemical potential difference between hydrogen in the hydride at the crack tip compared
with hydrogen in a hydride in the bulk. Assuming a condition of local chemical equilibrium of
hydrogen at the interfaces between hydride and matrix, a chemical potential difference
between these locations must exist for hydrogen in solution as well. This chemical potential
difference drives the migration of the hydrogen in solution to the crack tip where it
precipitates. In this model, the hydrides in the bulk dissolve to maintain the local hydrogen
concentration in solution in the matrix at the hydride interface at the solubility limit for the
temperature at which the cracking is occurring.

Q

Fig. 2.4. The initial model for DHC developed by Dutton and Puls [Ref.2.2] showing the
hydride growing at the crack tip and the hydrides in the matrix dissolving.

Assuming cylindrical symmetry about the crack tip, an expression for the crack velocity, V,
~ according to this model was derived which had the following form:

V =G DyCyx {exp("Vy; Ap/RT)

where:

G is a function that includes geometry factors as well as the molar volumes of
zirconium and hydride, and the composition of the hydride;

Dy is the diffusion coefficient of hydrogen ( a function of temperature);

Cy is the solubility of hydrogen in zirconium in a stress-free state;

"Wy is the partial molar volume of hydrogen in zirconium hydride;

Ap is the difference in hydrostatic tensile stress between the crack tip and the bulk at
a distance equal to the characteristic hydride spacing away from the crack tip;

R isthe gas constant; and

T  is the absolute temperature,

The dependence of the crack velocity on the diffusion coefficient and the solubility is explicit
in this expression. The model assumed that the amount of hydride growth required for a given
distance of crack growth was fixed and that the hydride growth could be assumed to be
occurring continuously even though the process was recognized as being discontinuous in
nature.



This model has been altered over the years but key features have been maintained. A major
change in the model occurred when it was recognized that the assumed behaviour of the
solubility of hydrogen in this model did not adequately reflect the observations and modeling
of the phenomenon of hysteresis in the solubility of hydrogen in hydrogen-zirconium alloy
systems. A revised model of DHC incorporating the hysteresis of the solubility was produced
[2.17]. In this model, the hysteretic effects on the solubility of hydrogen are taken into
account: there are two different expressions used for the solubility depending upon whether
hydride is dissolving or precipitating. This model was able to provide some explanation for
the different crack velocities obtained on heating and on cooling,

More recently, finite element modeling has been used to examine effects of temperature
cycling and load changes on the accumulation of hydride at a flaw [2.18]. This model
implicitly assumes different hydrogen solubility limits for dissolution and precipitation. It has
been extended to account for the changing stress state at a flaw due to the formation of the
hydride [2.19] and to model DHC velocities under temperature transients [2.20]. There are no
simple expressions for crack velocities derived using these finite element models.

2.3. Hysteresis in the Solubility of Hydrogen in Zirconium

The observations of the behaviour of hydrogen in zirconium ailoys indicate that there is a
significant hysteresis in the solubility depending upon whether hydrides are dissolving or
precipitating. These effects have been known for a long time [2.12, 2.13] and are seen using
several techniques including differential scanning calorimetry, and measurements of changes
in thermal expansion, electrical resistivity, and elastic modulus. In all cases, the effect is
manifested as a difference between the concentration of hydrogen in solution in the metal in
equilibrium with dissolving hydrides at a particular temperature and the concentration in
equilibrium with precipitating hydrides at the same temperature. This is illustrated for
Zircaloy material in Fig. 2.5 [2.21].
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scanning calorimetry [Ref 2.21].



These results were based on differential scanning calorimetry measurements of the zirconium-
hydride transformation. Similar results have been obtained in Zr 2.5Nb alloys using elastic
modulus measurements [2.14], (Figs 2.6 and 2.7). The modulus measurements clearly
demonstrated that the amount of hydrogen in solution at a given temperature is dependent
upon whether hydrides are dissolving or precipitating. Since the degree of modulus reduction
is depends upon the amount of hydrogen in solution, by comparing the modulus at a given
temperature with that in an unhydrided specimen, the amount of hydrogen in solution can be
determined for each temperature. The complete solubility curve can be determined from a
single specimen with sufficiently high hydrogen concentration. Such measurements have
shown that the solubility limit associated with precipitation is itself dependent upon the
thermal history of the specimen and two bounding solubility curves can be defined: one
based upon precipitation of new hydrides (TSSP1) and the second based upon precipitation
associated with growth of hydrides or precipitation at locations of pre-existing hydride
(TSSP2).
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Fig. 2.6. Hysteresis in hydrogen solubility in Zr-2.5 Nb observed using dynamic elastic
modulus measurements [Ref. 2.14].
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The origin of this hysteresis is the internal stresses in the solid system developed during
precipitation and dissolution of hydride caused by the 17% volume change associated with the
transformation of alpha zirconium matrix to delta hydride [2.22]. If the system of hydrogen in
zirconium with hydrides present could be completely stress free, (i.e. free of both internal and
externally applied stresses), it would be expected that the equilibrium between hydrogen in
solution and hydrogen in hydrides would be defined at a particular temperature by a single
concentration of hydrogen in solution and this equilibrium would not be affected by the
direction of approach in temperature to the temperature of interest. Some supersaturation
could be required to nucleate hydrides on cooling due to the need to create new interfaces
with characteristic surface energies. However, internal stresses develop within the system
during the alpha zirconium to hydride transformation (and the reverse) and will be more
intense near the hydrides themselves. These internal stresses and the plastic work associated
with the formation and dissolution of hydrides are responsible for the solubility behaviour of
hydrogen in zirconium alloys [2.23-2.25].

The solubility hysteresis appears to be very close to an equilibrium phenomenon because it is
observed even when very slow heating and cooling rates are used or when material is charged
with hydrogen isothermally [2.26]. If it is assumed that the solubility hysteresis is truly
equilibrium behaviour, the chemical potential of hydrogen throughout the system can be
assumed to be uniform at each temperature condition. The bulk concentration of hydrogen in
solution away from the hydrides can be used as a measure of the chemical potential of
hydrogen throughout the system at equilibrium. At a given temperature, the hydrogen
concentration in solution in equilibrium with dissolving hydride is less that that in equilibrium
with precipitating hydride. In this solid system with no externally applied stress, the chemical
potential of hydrogen in a hydride undergoing dissolution is significantly lower than the
chemical potential of hydrogen in a hydride that is precipitating.

It follows that non-equilibrium would exist if hydrides in a matrix were in another stress state.
Chemical potential differences between hydrides in different stress states would produce local
differences in the chemical potential of hydrogen in the surrounding matrices that would act
to drive hydrogen towards the hydride in the higher tensile stress state.

The effect of thermal history on the concentration of hydrogen in solution of a specimen
containing, for example, 60 ppm, can be illustrated by examining what occurs when the
specimen is taken through a specific temperature sequence through heating and cooling.
Referring to Fig. 2.8, as the temperature is increased from room temperature, the hydrogen
concentration increases following the TSSD curve along AB. When the temperature begins to
decrease, the concentration in solution is assumed not to change until the precipitation solvus
is reached at point C. On further cooling, the concentration in solution drops following the
precipitation solvus (TSSP) until point D. If the temperature is now increased again, the
concentration in solution does not increase until the TSSD curve is reached. Consideration of
similar temperature trajectories with different peak temperatures suggests that at a given
temperature (such as the DHC test temperature), the concentration of hydrogen in solution in
the bulk of the specimen could be made to vary from the TSSD concentration to the TSSP
concentration. Thus the chemical potential driving force for DHC can be made to vary by
changing the peak temperature attained immediately prior to the test temperature.

The difference in the stress states of the dissolving and precipitating hydrides causes the
hysteresis. To change the stress state of a hydride from one state to the other, there must be a
finite amount of hydrogen ~exchanged between the hydride and the matrix. Thus the
assumption that the concentration in solution does not vary on cooling from the TSSD state to
the TSSP state, i.e. along line BC in Fig. 2.8, cannot be strictly correct because a small change
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in the concentration in solution is required to accommodate the hydrogen exchange between
the matrix and the hydride necessary to change the stress state of the hydride.

2.4. Solubility Hysteresis and DHC Testing

Solubility hysteresis has very significant effects on DHC in zirconium alloys. The crack
velocity and K are both affected. These are discussed in turn.
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Fig. 2.8. The trajectory ABCD shows how hydrogen in solution varies during a temperature
cycle.

For a DHC crack growing at isothermal conditions under a constant applied stress intensity,
the rate of growth of the crack is determined by the chemical potential driving force for
moving hydrogen to the crack tip from the surrounding material; the greater the chemical
potential of hydrogen in the matrix, the higher the driving force and the larger velocity is a
consequence. The corollary is that, at a given temperature, the DHC velocity may be a
sensitive indicator of the chemical potential of hydrogen in the system.

This expectation is consistent with the observed behaviour in cracking tests. The crack
velocity can be very sensitive to the precise thermal history of the test specimen immediately
prior to the DHC crack growth test [2.15, 2.27]. Shek and Graham’s result is shown in
Fig. 2.9. In these tests, crack growth rates in unirradiated Zr-2.5 Nb specimens containing 60
ppm of hydrogen were measured at 250°C. Each specimen was heated to a different peak
temperature before cooling to the test temperature. There are very large differences in the
observed crack velocities with the highest velocities being obtained in specimens in which the
hydrogen was all taken into solution at the peak temperature. The presence of hydrides in the
bulk of the material is not a sufficient condition for cracks to grow with a measurable velocity
by DHC: hydrides would certainly have been present in the bulk material for tests in which
the peak temperature was simply the test temperature of 250°C and yet there was no
indication of crack growth during the test. This result implies that the chemical potential of
hydrogen in the system was too low to produce sufficient hydride at the crack tip to reach the
critical state for fracture of the hydride. This result is also clear proof that the critical stress
intensity factor for crack propagation is dependent upon the chemical potential of hydrogen in
the system since no crack growth was observed at peak temperatures at or below 262°C.
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Fig. 2.9. DHC velocity measurements at 250°C in CANDU pressure tube material showing
the effect of peak temperature before testing [Ref. 2.27].

The DHC velocity measured at a test temperature will be the highest possible for that
particular specimen at the test temperature when the concentration in solution (and hence the
chemical potential of hydrogen in the bulk material) is maximized. Maximization for a
particular specimen occurs either if all the hydrogen is in solution at the test temperature or if
the hydrogen concentration in solution corresponds to the precipitation solvus. To find the
maximum possible DHC velocity for a material, independent of the hydrogen concentration,
there must be sufficient hydrogen in the specimens to achieve the precipitation solvus
concentration at the test temperature and the thermal history of the sample must ensure that
the concentration in solution is at the precipitation solvus level.

Figure 2.10 [2.16, 2.28] illustrates schematically the effects of solubility hysteresis on
measure-ments of DHC crack velocities. For a specimen with a specific hydrogen
concentration, the velocities can be measured after achieving the test temperature either
through heating or cooling. If the specimen is heated to sequentially higher test temperatures,
the velocities follow a profile similar to that described by T T,T5Ts. The maximum velocity
occurs at T,. When the velocities are measured after cooling from temperature T4, the
velocities follow the profile given by T4TsT6T>. The velocity at Tg is the maximum for the
specimen and this velocity is only achieved by cooling to T¢ from a sufficiently high
temperature, Ty, such that all hydrogen was taken into solution. The decrease in velocity on
heating above T, reflects a decreasing driving force since the total hydrogen available for
transport continues to increase with increasing temperature. On cooling from Tj, the crack can
grow at Ts because there is now sufficient driving force to precipitate hydride at the crack tip
in sufficient quantity to cause cracking. Upon further cooling to Tg, the velocity increases due
to an increased driving force as the concentration of hydrogen required to precipitate at the
crack tip decreases with temperature decrease, but the concentration in solution in the bulk
material remains constant (all hydrides in the bulk dissolved).
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Fig. 2.10. A schematic diagram of the temperature dependence of the DHC velocity showing
the effect of temperature history [Refs. 2.16, 2.28].

The schematic diagram makes it clear that the crack velocity is very dependent on the path of
the temperature history immediately prior to the velocity measurement. It can be shown by
consideration of other temperature histories that, at the same temperature, the velocity may be
the maximum achievable or any lower velocity including zero. For this reason, to make a
consistent inter-laboratory comparison of velocities, the temperature history to be followed
immediately prior to the test temperature must be specified, as was done for the current co-
ordinated research project.

The conditions under which hydrides nucleate and grow in the bulk of the material can
influence the chemical potential of hydrogen in the bulk at a particular temperature [2.14].
Factors such as the maximum temperature to which the specimen was exposed prior to
precipitation and the cooling rate, can modify the chemical potential and have been observed
to modify the DHC crack growth rates [2.29]. There is a good correlation, in a specimen with
fixed hydrogen concentration, between the temperature at which all hydride is dissolved on
heating (the TSSD temperature) and the maximum temperature at which DHC can be
observed when the test temperature is approached from a higher temperature [2.17]. In most
cases the maximum temperature for DHC is slightly less than the TSSD temperature. This is
the case even though, on cooling, hydrides do not form in the bulk of the specimen until the
precipitation solvus temperature is attained, which can be as much as 50°C lower than the
dissolution temperature. The reason for this observation has been explained by Eadie et al
[2.30]. A very small difference between the partial molar volumes of hydrogen in solution in
the matrix and hydrogen in the hydride means that there is little effect of stress on the
solubility limit. However, the hydrostatic stress at the crack tip results in an elevated
concentration of hydrogen in solution, due to the interaction of the partial molar volume of
hydrogen in solution and the hydrostatic stress. The amplification is large enough at a sharp
crack under load for the hydrogen concentration in solution at the crack tip to reach the
precipitation solubility limit when the hydrogen concentration in solution far from the crack
- tip is close to the dissolution solvus concentration.
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2.5. Conditions for Crack Tip Hydride Fracture

Fracture of the crack-tip hydride is a necessary requirement for the propagation of a crack by
DHC. The detailed micro-mechanisms of such fracture are not yet well understood. However,
a very useful approach for practical engineering assessments has been developed based on a
process-zone model of hydride fracture [2.31, 2.32]. This model assumes that the hydrided
zone at the crack tip can be considered as a fracture process zone similar to that proposed in
the strip-yield fracture model [2.33, 2.34]. Within the process zone, the total stress acting in
the crack-opening direction is a superposition of the usual K-type stress field due to the crack
and a restraining stress due to the hydride. The hydride-induced restraining stress is assumed
to be uniform over the process zone and decreases with an increased amount of hydride
precipitation.

This assumption of stress uniformity is consistent with finite element modeling of hydride
precipitation at crack tips that showed a condition of almost uniform stress in the crack-tip
hydrided zone as the hydride developed [2.19]. The finite element model assumed that the
hydride transformation strain was isotropic and that the condition for hydride precipitation
was consistent with the precipitation solvus (i.e. the concentration in solution could not
exceed TSSP for that temperature). It was observed that the stress within the crack tip region
was reduced as the hydride precipitated, consistent with expectations. This same finite
element model also suggested that the hydrides at the crack tip would take on a tapered shape.
This shape of hydride was observed in low strength Zr-2.5Nb material in which the hydride
size and shape prior to fracture could be clearly observed using light metallography [2.9]. The
tapered shape of the hydride suggests that the amount of hydride required to be precipitated at
the crack tip to generate a certain crack growth step length may be proportional to the square
of the step length rather than simply proportional to the step length itself. The corollary of this
observation is that the amount of hydrogen required to be transported to the crack tip to
generate a certain amount of crack growth will be dependent on the crack-growth step size
with larger steps requiring more hydrogen transport per unit length. Therefore, the expectation
is that the crack velocity will be reduced in materials exhibiting large crack growth step sizes
if other material characteristics are kept constant.

In the process-zone model, there are two conditions that must be met for fracture: a critical
crack opening displacement, v, due to hydride precipitation must be attained, and, the
uniform stress in the process zone must be above a critical value, p.. The hydride must be
sufficiently large and the stress along the hydride must be sufficiently high for fracture to
occur. These parameters of the model are determined from values of K;y and the stress
required to cause fracture of long hydrides perpendicular to smooth surfaces. Good agreement
between model predictions and crack initiation testing has been demonstrated for a range of
flaw geometries [2.32]. '

During crack initiation and propagation in a DHC test, the conditions for crack tip hydride
fracture must be repeatedly met for the crack to continue to propagate. When the load is first
applied to a pre-cracked specimen after the DHC test temperature has been reached, there is
always an incubation time required for the formation of the first hydride of the critical size
required for fracture. This incubation time could be expected to be dependent upon the driving
forces for hydrogen diffusion to the crack tip, the diffusion coefficient in the material and the
amount of hydride required to form the critical hydride. These are the same parameters that
ultimately determine the observed DHC crack velocity. In practice, incubation times are
somewhat more variable than measurements of crack velocities.
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Although, for simplification, the modelling of DHC has often used isotropic material
properties, the crystallographic texture and material microstructure do affect the propagation
of cracks by DHC. The crystallographic texture affects the precipitation of hydrides because
hydride platelets have a crystallographic relationship with the metal from which they are
formed. The transformation strains (metal to hydride) are also directionally related to the
crystallography. The stress state of a crack tip is modified by the precipitation of hydride in a
way that depends upon the orientation of the crack within the material (if that material is
anisotropic). The critical hydride size and shape required for fracture will then be dependent
upon the texture. DHC crack initiation and propagation in an anisotropic material will itself be
anisotropic and that is what is observed [2.6, 2.7]. Crystallographic texture differences
between materials will also produce differences in DHC characteristics, such as Ky and crack
velocity. '

2.6. Co-ordinated Research Programme Testing

The testing procedure recommended for the DHC velocity measurement in the CRP was
designed to maximize the velocity at each test temperature. Under all the test conditions in the
test matrix (see Chapter 3, Section 3.3.3), the relationship between the hydrogen
concentration in the specimen, the peak temperature achieved immediately prior to the test
temperature and the DHC testing temperature were such that the concentration of hydrogen in
solution was equal to the TSSP concentration at the crack tip for the test temperature.

Similarly, the applied stress intensity factor range (a minimum of 15 MPaVm) was sufficiently
in excess of the usual range of Ky for the materials tested (generally within a range of 4.5 to
10 MPaVm) that crack propagation should not be limited due to insufficient applied stress
intensity factor.

2.7. Summary

A brief summary of the state of the art of the understanding of effects of hydrogen
concentration in solution on DHC has been presented. The effects of hydrogen hysteresis on
the expected driving force required to move hydrogen in solution to the crack tip have been
discussed. The resulting effects on DHC testing have been shown to be consistent with
observations reported in the literature. The defined test conditions for the CRP tests have been
shown to meet the conditions required to maximize the crack growth rates at the test
temperatures involved.
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CHAPTER 3

EXPERIMENTAL PROGRAM

3.1. Philosophy

A three phase programme was set up to establish, in all the countries involved, a uniform and
consistent laboratory practice to determine DHC velocity in the axial direction of pressure
tubes. In the first phase, AECL’s CRL, (Canada), as host laboratory, supplied participating
countries with machined samples of Zr-2.5 Nb alloy each containing the same amount of
hydrogen [3.1], Appendix 13. Each country then performed DHC tests in a prescribed manner
at a single temperature, 250°C [3.2], Appendix 2. Building on this experience, the second
phase of the experimental programme consisted of each country producing their own samples
out of segments of the same pressure tube, developing a hydriding method and charging the
samples with the desired amount of hydrogen [3.3], Appendix 3, then testing them at various
temperatures. In the third phase, each country made the same determinations on Zr-2.5 Nb
material supplied by Lithuania and on their own material, if available. The procedures for
these activities were documented in detail to ensure consistency. As a possible extension of
this CRP, the feasibility of measuring DHC velocity in fuel cladding was explored by
Sweden.

3.2. Materials

For Phases 1 and 2, an 800 mm long section of CANDU Zr-2.5 Nb pressure tube, identified as
RX094-C2, was used. The section started approximately 0.185 m from the back end of the
tube (“Back end” refers to the end of the tube that exits the extrusion press last.) The chemical
composition of the original ingot material is given in Table 3.1 and the fabrication process
flow chart is shown in Fig. 3.1. The ingot was melted four times. The dimensions of the
finished tube are listed in Table 3.2 and the tensile properties are provided in Table 3.3. The
initial microstructure, Fig. 3.2, consists of flattened o-grains about 0.5 pum thick surrounded
by a grain boundary film of B-phase. The crystallographic texture is shown in Figure 3.3 and
the fraction of resolved basal plane normals, F, in the three principal directions, radial, R,
transverse, T and longitudinal, L, are summarized in Table 3.4.

For the common part of Phase 3, a section of RBMK Zr-2.5 Nb pressure tube in the TMT-1
condition was used. Tubes with this production schedule are used in the Ignalina Nuclear
Power Plant, Unit 1, in Lithuania. The specified chemistry and some typical values of element
concentration are incorporated in Table 3.1 [3.4]. The fabrication process flow chart for each
version of RBMK pressure tubes is shown in Fig. 3.4. The dimensions of the finished tube are
included in Table 3.2 and the tensile properties are provided in Table 3.3 The microstructure
after the TMT-1 treatment, Fig.3.5, consists of o'-phase and between 10 and 20%
untransformed a-phase. The crystallographic texture is shown in Fig. 3.6 and the F-values are
included in Table 3.4,

3 Appendices to this Report can be found in the CD-ROM attached on the inside back cover.

19



Table 3.1. Composition of test materials

y ; Materials
ement , ‘
CANDU Tube CANDU Tube RBMK Indian HWR Tube
Iy Specification .
RX094 N429 (Typical values (Mezllgl?rin::en s
(Ingot) (Ingot) for TMT-1) on typical tube)
Alloy:
Niobium (wt%) 2.6 2.55 24-2.7 2.53
Oxygen (ppm) 1140 1172 1000 (400-700) 1226
Impurities (ppm)
Aluminum 35 47 80 (29)
Beryllium 30
Boron <0.2 <0.25 (<0.25)
Cadmium <0.2 <0.25 0.3 (<0.25)
Calcium 300
Carbon 90 130 200 (30-70) (95)
Chromium <100 <80 200 (20-50) 200
Cobalt <10 <10 (<10)
Copper <25 <25 50 - (27)
Hafnium 39 <40 500 (230-420) (35)
Hydrogen 2 9 5(2-3) 10 (4)
Iron 360 590 500 (80-250) 1300
Lead <25 <25 50 (<25)
Magnesium <10 (<10)
Manganese <25 <25 20 (<25)
Molybdenum <25 <25 (<25)
Nickel <35 <25 200 (30-90) <7
Nitrogen 24 42 60 (30-50) 56
Silicon 26 <60 200 (20-80) (38)
Tantalum <100 <200 (<100)

Tin <25 <30 180
Titanium <25 <25 70 (<25)
Tungsten <25 <25 (<25)

" Uranium <1.0 <1.0 (<1.0)
Vanadium <25 <25 (<25)
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Sponge Zr
+ alloy addition

v

Double or quadruple vacuum arc
melt ingot

v

Forge at 1015°C and 815°C

'

Solution anneal at 1015°C and
Water Quench

v

Extrude at 815°C
10.5:1 Extrusion Ratio

v

Cold-draw 20 to 30% (normally
about 27%)

v

Autoclave 400°C for 24h

Fig. 3.1. Process flow chart for fabrication of CANDU pressure tubes.
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Table 3.2. Dimensions of finished pressure tubes

. Inside diameter | Wall Thickness
Material :
(mm) (mm)
CANDU 104 43
RBMK 80 4.0
Indian 82 3.7

Table 3.3. Tensile properties of test materials

TEST
DIRECTION | - 0.2% Yield Total Elongetion
‘Material Tempef:tslfre ©C) Stress ° (Ili'[TPf) (%)
L:longitudinal (MPa)
o T:transverse
CANDU Tube L 300 433 569 18
RX094
T 20 -803 889 22
T 250 567 652 25
Tube N429 L 300 366 521 15
T 250 585 673 13
RBMK TMT-1 L 20 580-640 680-720 20-24
L 350 400-450 490-510 17-20
T 20 659 760 - 25
T 144 582 708 28
T 182 546 655 24
T 250 494 599 25
T 300 484 555 27
Annealed L 20 375-420 540-600 26-31
L 300 229 ~ 336 27
L 350 210-255 320-470 33-36
T 20 483 520 20
T 300 - 277 324 15
Indian 100-2-3 L 20 599 833 13
L 300 426 587 14
T 20 722 861 10
T 250 531 641 - 12

Table 3.4. Resolved fraction of basal plane normals in the three principal directions of
CANDU pressure tube RX094

Material Fr Fy Fy
CANDU (RX094) 0.36 . 0.60 0.04
RBMK (TMT-1) 0.41 0.42 0.17
RBMK (Annealed) 0.47 0.46 0.07
Indian Tube 0.43 0.55 . 0.02
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Fig. 3.2. Microstructure of CANDU pressure tube.

L
;
-
R .
R T

Fig. 3.3. Basal pole figure for CANDU tube RX094.

23




Zr powder (from electrolysis)
+ Iodide Zr + Nb powder

v

Double melt ingot

v

Forge at 9500C

v

Water — quench from 10500C

v

Extrude at 700 — 7500C
10.5: 1 extrusion ratio

v

1st Cold Roll 55.5%

v

Anneal 5600C for 3 hours

v

2 nd Cold Roll 39.4%

v

Anneal 5800C for 3 hours

—F  Heat to 850-8700C

Water — quench

K

v

_— v

Cool in He/Ar mixture

v

3rd Cold roll 23% to 88 mm OD x 4 mm thickness

v
+

v

v

Anneal 5400C for 5 hours

Age at 5150C for 24 hours

Age at 530-5400C for 24 hours

v

v

v

Autoclave 2900C for 120 hours

v

v

v

Standard “Annealed”
MTI1

TMT-1
T1

TMT-2
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Fig. 3.4. Process flow chart for fabrication of RBMK pressure tubes.




Fig.3.5. Microstructure of RBMK pressure tube with TMT-1 treatment.
L

R - T
Fig. 3.6. Basal pole figure for RBMK pressure tube in TMT-1 condition.
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Other materials tested in Phase 3 are as follows:

Tube N429, typical of the CANDU reactor at Cemavoda, Unit 1, has attributes given in
Tables 3.1 and 3.3. For this tube the ingot was melted twice. The microstructure and
crystallographic texture are expected to be similar to those of Tube RX094.

Tube 100-2-3, made in India by the process depicted in Fig. 3.7, has the composition listed in
Table 3.1 with dimensions and tensile properties included in Tables 3.2 and 3.3, respectively.
The microstructure, Fig. 3.8, consists of elongated o-grains, 0.1 to 0.2 pm thick, surrounded
by a thin layer of (-phase. The crystallographic texture, typical of this fabrication route is
shown in Fig. 3.9 and the F-values are included in Table 3.4. For the tests on this material the
hydrogen was added gaseously.

Some specimens were made from the other two routes for RBMK tubes, Fig. 3.4. Typical
tensile properties are included in Table 3.3. The microstructure of annealed tubes contains
elongated a-grains mixed with equiaxed o-grains and discontinuous B-phase at triple points
and within the a-grains, Fig. 3.10. A typical crystallographic texture is shown in Fig. 3.11
with F-values in Table 3.4.

In summary, the properties of the sampled tubes were diverse. The anisotropy in properties
tended to be higher in CANDU tubes than in RBMK tubes because of crystallographic texture
and grain structure. The strengths at room temperature in the transverse direction were in the
order CANDU (Canada), HWR (India), RBMK (TMT-1, Lithuania), RBMK (annealed,
Russia). The range in strengths had several causes:

— RBMK material tends to have lower oxygen concentration than CANDU material,

— the microstructure provides lower strength in RBMK tubes than in CANDU tubes because
of lower dislocation density and larger grain size,

— the high Fr in CANDU tubes leads to higher transverse strength than in RBMK tubes.

3.3. Specimen Preparation and Testing

The experiments involved adding known amounts of hydrogen to the Zr-2.5 Nb material,
machining specimens and preparing a sharp crack, conducting the DHC test and evaluating
the fracture surface.

3.3.1. Adding hydrogen

Several methods are available for adding hydrogen to zirconium alloys but the one chosen for
this project, diffusing from a surface layer of hydride, combines good control with low
temperatures [3.3]. The latter is important to minimise changing microstructure during
specimen preparation, especially when dealing with irradiated materials.

The details of the procedure are given in Appendix 3. The hydride layer is formed
electrolytically. After surface cleaning, the sample is placed into a bath containing 0.2 M
H,S0; at 65°C and electrolysis is performed at a current density of about 1.5 kA/m? using Pb
(or other suitable metal) as anode. The hydride layer is examined metallographically to
determine whether it is thick enough to supply the required concentration of hydrogen. Once a
suitable layer is attained, the sample is heated, the temperature being determined by the TSS
for dissolution to provide the target hydrogen concentration while the time of heating must be
sufficient for the hydrogen to diffuse and attain the target concentration at the centre of the
sample thickness. The efficacy of the preparation is determined by examining the resulting
hydrides in the metal and by chemical analysis.
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Sponge Zr
+ Nb Alloy Addition

v

Double Melt ingot

v

Extrude at 800°C

v

Water Quench from 1000°C

v

Extrude at 800°C
7.8:1 Extrusion Ratio

v

Cold Piiger 20-25%

v

Anneal 560°C for 5 hours

v

Cold Pilger 20-25%

'

Autoclave 400°C for 36h

Fig. 3.7. Process flow chart for fabrication of Indian HWR pressure tubes.
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Fig. 3.8. Microstructure of Indian HWR pressure tube. (Radial direction of the tube is vertical
on the page and the longitudinal direction is horizontal.)

Fig 3.9. Basal pole figure for Indian HWR pressure tube.
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Fig. 3.10. Microstructure of annealed RBMK pressure tube (Radial direction of the tube is
vertical on the page and the longitudinal direction is horizontal.)

Fig.3.11. Basal pole figure for RBMK pressure tube in the annealed condition.
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3.3.2. Test specimen

A detailed description of the test method [3.2] is given in Appendix 2. The test specimens
were compact toughness specimens that met the requirements of ASTM E399, except for
thickness and retention of the curvature, Fig. 3.12. The specimens were machined so that the
crack grew in what was the longitudinal direction of the original tube on a plane with normal
in the transverse direction of the original tube. A starter crack was grown about 1.7 mm from
the notch by fatigue at room temperature, to give the recommended a/W ratio of 0.5 (where
a, 1s the crack length and W is the specimen width, with respect to the loading point.) K| was
calculated from equations given in ASTM E399. The maximum K; was reduced during
fatigue in up to six steps until it was less than the initial K; for DHC testing.

3.3.3. DHC testing

To realize the maximum crack velocity, the test temperature must be attained by cooling from
a peak temperature above the solvus temperature (with no under cooling), hydrides must be
present at the test temperature and the maximum amount of hydrogen must be in solution.
Since the latter two conditions are somewhat contradictory, the test temperature was set below
the dissolution solvus temperature. A typical test sequence is given in Fig. 3.13. The full load,
supplying an initial K; of about 15 MPaVm, was applied about Y hour after the test
temperature had stabilized. After the crack extended about 1.5 mm, the load was removed and
the specimen was cooled to room temperature. The end of the crack was marked by heat-
tinting or post-test fatigue.

b ] i s ﬂ'
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Fig. 3. 12. Schematic diagram of DHC compact toughness specimen.

The direct current, potential drop (dc pd) technique was used to evaluate the status of the
crack during both fatigue pre-cracking and DHC testing. A constant current of about 8 A is
large enough to provide a pd of about 5 mV across the specimen without excessive heating.
The crack front tends to be curved. For fatigue, surface markers were useful to indicate the
progress of the crack. After DHC, the amount of cracking was measured directly from the
fracture surface once the two halves of the specimen were pulled apart. The crack length was
evaluated by one of two methods. The area of DHC was estimated and the average crack
length was calculated by dividing the crack area by the specimen thickness. Alternatively, the
crack extension by DHC from the limit of fatigue cracking was averaged from measurements
at nine equidistant intervals across the crack face.
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DHC often required an incubation period, indicated by an increase in pd. The test time was
taken as the difference of the total time under full load and the incubation time. DHC velocity
was then crack extension by DHC divided by cracking time.

A test matrix was established where, in principle, each country measured DHC velocity on at
least three specimens at three temperatures ranging from 283 °C down to 144 °C, with each
temperature being covered by three countries, Table 3.5. At least nine results at each
temperature were thought to provide a good statistical basis.

Temperature (T)

Tpk = Tlssd + SOC

/ 1 to 2°C/min

s h Soak T
at T,

no undercooling t (load)

furnace-

N <

3 to 5°C/ min

small load

Time (t)

Fig. 3.13. Recommended temperature and loading history for DHC testing.
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Table 3.5. Test matrix for Phases 1, 2, and 3

72 Russia, Lithuania, Argentina
58 ' ALL
45 Rbmania, Pakistan, Canada
285 203 - 38 Russia, Romania, India
275 ' 182 34 ~ ROK, China Argentina
275 162 31 | Pakistan, China, India
275 144 29 Lithuania, ROK, Canada

In practice, because of some experimental difficulties some temperatures were lightly
sampled. As one example, when the hydrogen concentration was not precisely known, the
thermal cycle was altered. The peak temperature was set higher than the possible solvus
temperature by a large margin, then the test temperature was reduced in steps to the
temperature at which cracking started.

The distribution of hydrides was examined metallographically on the planes with their normal
in the transverse and longitudinal direction. The fracture surfaces were examined, and, where
found, striation spacings were estimated.

3.4. Hydrogen Analysis

Knowledge of hydrogen concentration is needed when assessing the response of zirconium
alloys to hydrogen. During the CRP on DHC in zirconium alloys the participants were adding
specific amounts of hydrogen to their test specimens. The hydrogen concentration is critical to
the tests; too much hydrogen may cause hydrides to be present at the peak temperature
reached before the lower test temperature is attained, while too little hydrogen may provide
insufficient hydrogen for hydride precipitation during testing and give a false, low crack
velocity.

Until recently, no standards were available for hydrogen in zirconium alloys and most
laboratories use hydrogen in titanium as their standard. Samples of hydrogen in zirconium are
currently prepared at AECL - Chalk River Laboratories to provide standards for zirconium
alloys. Such samples require testing in several laboratories to enhance their status as
standards. An inter-laboratory comparison by the CRP participants helped meet this
requirement.

159 pellet specimens (approximately 200 mg) were cut from Zr-2.5Nb pressure tube material
and prepared individually. Each pellet was heated to 950°C under vacuum to remove most of
the initial dissolved hydrogen gas. The system was isolated from the vacuum pump and a
known quantity of hydrogen gas was added from a calibrated volume. The pellet
quantitatively absorbed the hydrogen gas during cooling from 950°C to room temperature.
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The concentration assigned to each specimen (expressed in units of ppm) was based on the
known mass of the pellet and the known amount of hydrogen to which it was exposed.

The target concentration for hydrogen addition was 47 ppm for each sample. The starting
material may have a residual hydrogen concentration as high as 1 ppm after pre-extraction.
After the standards were made, a problem with the temperature measurement was identified
that may have introduced a systematic bias as high as 1 ppm. Therefore, the hydrogen
concentration in the samples was expected to range from 47 to 49 ppm. Random samples
were then analysed to determine the actual mean concentration and standard deviation of the
population. The specimens were made in 4 batches (up to 49 specimens per batch). Ten
samples were selected at random from each batch for a total of 40 specimens. These 40
random samples were analysed by hot vacuum extraction — isotope dilution mass
spectrometry (HVE — IDMS)[3.5, 3.6]. The results from the 40 samples showed that the
combined population was approximately normal with a mean value of 49.8 ppm and a
standard deviation of 0.5 ppm (1% rsd). Although the mean value was somewhat higher than
expected, the standard deviation of the distribution was ideal for the inter-laboratory
comparison.

The remaining specimens from the 4 batches were mixed, and then randomly divided into
10 bottles with 10 specimens per bottle. Each bottle was labelled with a number from 1 to 10.
Based on the Canadian determination, the H concentration of the 10 random samples in each
bottle is expected (from probability theory) to have a standard deviation < 0.7 ppm. Bottles #1
through #10 were sent to the IAEA coordinator for distribution to the participants who were
asked to analyse them using their normal laboratory procedures. The remaining 19 specimens
were placed in Bottle #11 and retained in Canada for later analysis. Each specimen in the
bottles was weighed to the nearest 0.1 mg and recorded. The mass served to identify each
specimen, except for a few samples where the masses were indistinguishable.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Source of Test Data

A typical test history, Fig. 4.1, shows the change in potential drop with changes in
temperature and loading and subsequent cracking.
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Fig. 4.1. Temperature and cracking history, as indicated by potential drop, during typical
DHC test. A is start of test and the step at BC indicates the time of loading.

A typical fracture surface is depicted in Fig. 4.2 where the various stages of the test are visible
as bands of different colour and roughness. Both fatigue cracks are characterized by a gently
curved crack front. The DHC has a region where the crack is held up at each specimen surface
corresponding to a less constrained stress state.
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Fig. 4.2. Typical fracture surface of Zr-2.5 Nb after DHC testing.

4.2. Phase 1: Tests at 250°C on CANDU Pressure Tube

Details of each test are given in Appendix 4. The DHC velocities at 250°C are summarised in
Table 4.1.

Table 4.1. Summary of DHC velocity of CANDU pressure tube at 250°C (m/s x 10®).

Argentinal Canada | China | India | ROK | Lithuania |Pakistan| Romania | Russia | Sweden
10.0 8.90 | 7.55 | 7.87 | 8.80 9.68 8.09 8.49 7.36 929
925 100 | 7.89 : 767 | 106 9.31 9.64 7.99 11.6 10.5
9.49 8§10 | 7.35  9.10 | 9.80 9.24 8.67 9.10 8.59 10.6
9.86 8.00 | 8.18 | 890 | 10.6 9.87 7.72 8.56 6.62 9.11
10.6 9.20 | 7.65 | 8.46 | 9.80 9.84 8.42 9.63 5.83 8.62
9.47 910 | 671 | 798 | 108 9.39 9.44 9.55 8.14
8.95 830 | 862  850| 102 9.86 8.63 8.96

9.12 870 | 8.54 | 775 8.01
8.54 7.49 8.58
8.14 9.35

7.34

8.89

8.22

Averagel 9.48 879 | 781 [ 819 101 9.04 8.66 8.90 8.02 9.62
Stdev | 0.61 0.66 | 0.64 | 0.54 | 0.69 0.80 0.69 0.62 2.0 0.88

The mean value of all the data from 80 specimens is 8.86 x 10 m/s with a standard deviation
of 1.07 x 10°® m/s. The range of the mean value of each set of data is from 7.81 to 10.1 x
10" m/s while the standard deviation ranges from 0.54 to 2.0 x 10" m/s although most values
are less than 0.7 x 10°® m/s. The data can be reasonably represented by a normal distribution,
Fig. 4.3. The tight distribution of the data can be attributed to the high level of control and
consistency imposed by strict adherence to the test methods.
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The mean value fits with data reported in the literature for tests at 250°C, Table 4.2. In early
testing the importance of the various test conditions were not fully realised and, despite the
specimens containing much hydrogen and K; being large, the cracks grew more slowly than
one would now expect. The main reason is that the peak temperature was too low to dissolve
all the hydrogen. In later tests, with lower hydrogen concentrations but with peak
temperatures greater than the solvus temperature for dissolution, the values spanned the
current data.

Fractional
frequency

€ B5 7075 885 8 ‘8% 10408 11 15 @
Crack velocity, m/s x 10

Fig. 4.3. Frequency distribution of crack velocities at 250 C. Continuous line is normal
distribution.

Table 4.2. Reported values for DHC velocity in cold-worked Zr-2.5 Nb at 250°C

Hydrogen concentration DHC velocity range
fopm) fmis | 0.8) Comment Reference
150 to 400 0.9to3 K, range from 15 to 45 MPaVm 4.1
Temperature history not well
characterized
140 3to4 K, range from 7 to 27 MPaVm 4.2
Peak temperature 290°C
55 11.8 £3.1 Initial K; 17 MPavm 43
Peak temperature greater than
solvus temperature
40 5.9 +0.87

Several factors could explain the distribution of the values in Table 4.1. DHC depends on the
diffusion and solubility limit of hydrogen in zirconium, the growth and fracture of hydrides,
and the local variation in grain structure. Each of these factors will have statistical variability;
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consequently DHC will be inherently variable. Scatter from variation in material properties
may be caused by variations in microstructure in the pressure tube. The microstructure in a
cold-worked Zr-2.5 Nb pressure tube varies a small amount from end-to-end because of
variation in temperature during extrusion, but over the length of tube used in these tests,
800 mm, such variation would be difficult to discern. The difference in results showed no
correlation with position along the tube, Table 4.3, suggesting that some of the variation was
caused by experimental vagaries.

Table 4.3. DHC velocity at 250°C at various positions in Tube RX094

Specimen group Distance from back Crack velocity
(see Appendix 1) end of tube RX094 (m/sx10®)
(mm)

100 1850 to 1918 8.54, 7.81
200 1920 to 1988 10.1, 9.04
300 1990 to 2058 8.66, 8.90
400 2060 to 2128 8.19, 8.02
500 2130 t0 2198 9.66
1000 2480 to 2548 9.48, 9.03

Experimental factors that may affect the measurement of crack velocity are discussed below.
Experiences from Phase 2 are included for completeness.

(1) Peak temperature

To maximize DHC velocity the zirconium alloy matrix should contain the maximum
supersaturation of hydrogen [4.4]. This supersaturation can only be attained if all the hydrides
are dissolved. Thus the peak temperature was set at least 5°C greater than the solvus
temperature for hydride dissolution. For the range of hydrogen concentrations used at 250°C,
the peak temperature had to be greater than between 298 and 306°C, and was set at 315°C to
provide some margin on this factor. Some laboratories used peak temperatures lower than the
recommended value, and consequently their values of crack velocity may be lower than
expected, Table 4.4. For example, the values of crack velocity from China and India are the
lowest and third lowest, respectively, and their peak temperatures were on the borderline of
attaining full supersaturation.

(2) Under cooling at test temperature

Above a test temperature of about 180°C, if the test temperature is attained by heating, the
crack velocity is less than the maximum value [4.4-4.8]. Hence we recommend that

undercooling be avoided. In two early tests in Romania the test temperature of 250°C was
attained after small undercoolings of about 2 and 2.5°C and the crack velocities were 6.3 and
5.7 x 10°® m/s, respectively; with no undercooling the lowest value was 7.99 x 10 m/s. The
va%;ues obtained after undercooling were excluded in determining the mean value of 8.9 x
10° m/s.
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Table 4.4. Mean crack velocity at 250°C from various peak temperatures

Hydrogen Solvus Mean Crack
Country " Concentration Temperature Peak Temperature Velocity

(ppm) (&) (&) (m/s x 10%)
Argentina 57,59 298-300 313-315 9.48
Canada 57,59 298-300 315-320 8.79
China 59,59 300 305-308 7.81
India 59,63 300-306 304-305 8.19
Rep. of Korea 55,56 295-296 315 10.1
Lithuania 55,56 295-296 315 9.04
Pakistan 59,59 300 315-317 8.66
Romania 59,59 300 315 8.9
Russia 59,63 300-306 311-316 8.02
Sweden 56,60 296-302 319-321 9.66

(3) Cooling rate to test temperature

If Zr-2.5 Nb containing hydrogen in solution is cooled rapidly (>100°C/s) to below the solvus
for precipitation, very small hydride precipitates form. The subsequent DHC velocity is much
higher than in material that has been slowly cooled [4.9]. Thus in this test programme care
was taken to control the cooling rate to the test temperature. In all the laboratories the cooling
rate was between 1.0 and 2.7°C/min., Table 4.5, thus variation from differences in hydride
size was minimised.

Table 4.5. Cooling rates used by each laboratory

Cooling rate to test
Country Temperature
°C/min
Argentina 2.2
Canada 1to2
China 1.5
India 1
ROK 2.7
Lithuania 1.5
Pakistan I.1
Romania 1.8
Russia l1to2
Sweden Ito2

(4) Actual test temperature

Crack velocity is sensitive to temperature through V = Aexp(-Q/RT). As an illustration, using
A = 8.74 x 10™ and Q=50 kJ/mole, around 250°C, V changes by about 0.2 x 10®m/s per °C.

Canada, India and Sweden reported small deviations from a test temperature of 250°C and the
consequences are depicted in Fig. 4.4.
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Fig. 4.4. Scatter in crack velocity as a consequence of deviation from 250 C.

(5) Measurement of crack length

The two methods for measuring crack length were evaluated by ROK on six specimens. The
nine-point method tends to miss specimen edges and the occasional longitudinal slit. (These
slits are probably caused by the fracture of circumferential hydrides by the component of
applied stress parallel with the crack plane in the thickness direction.) Since the crack front is
retarded in these areas, the area method will provide a truer picture of the extent of fracture
and will tend to produce lower values of crack growth than the discrete point method. The
size of this difference is between 1 and 9%.

(6) Crack length

The recommended amount of crack growth by DHC is 1.5 mm. Although DHC velocity is
reported to be independent of K; over a wide range of K; [4.2], crack growth should be limited
to prevent changing the operating stress state from mostly plane strain to one of plane stress,
as illustrated by the edge-effect. Since the exact crack length after fatigue pre-cracking was
uncertain, there was a variation in initial values of K; ranging from 13.3 to 20.0 MPaVm with
a mean value of 15.9 + 1.7 MPaVm, close to the recommended value of 15 MPaVm. Most
laboratories obtained seemingly valid results with crack growths in the range 0.86 to 4.0 mm;
the mean crack growth by DHC in all the tests at 250°C was 1.91 + 0.52 mm. The final K;
was in the range 19.8 to 40.3 MPaVm with a mean value of 24.1 + 4.5 MPaVm. Two
contradictory observations were made. In early tests in China, crack growth longer than 4 mm
appeared to induce plasticity that interfered with the DHC and slowed the crack growth; the
final K; values were up to 55 MPaVm but the crack velocities were <5 x 10® m/s. (These
results are excluded from the data set.) Alternatively, some results from Russia provide the
opposite result; the crack growths varied from 1.5 to 2.28 mm and the derived velocities
ranged from 5.8 x 10®m/s to 11.6 x 10®*m/s. When all the results are pooled, no dependence
or correlation between crack velocity and crack length or final Kj is observed, Figs 4.5 and
4.6, confirming expectations of K; independence and suggesting that the latter results are a
coincidence.
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Fig. 4.5. Lack of dependence or correlation between amount of crack growth and DHC
velocity at 250 C.

(7) Cracking time

Cracking starts after hydrides have grown at the initial crack tip and the conditions for
cracking these hydrides has been established. Time is required to attain these conditions and a
period of apparent inactivity, (for example, no change in the potential drop,) is observed
between the initial application of the load and the start of cracking. This period is called the
incubation time. An accurate assessment of incubation time depends on the sensitivity of the
crack detection system, and in these experiments was very scattered. The time for the end of
the test is established very accurately because it corresponds to the final unloading of the
specimen. Thus the accuracy of the cracking time depends on observing the start of cracking.
In the tests at 250°C the incubation time was usually very short, a few minutes, or even zero;
occasionally cracking did not start for 20 min. and in one specimen the incubation time was
40 minutes. The mean incubation time, excluding the longest time, was 3.344.2 min. Since
the average cracking time was 362+103 min., incubation time represents about 1% of the test
time and any error in its value contributes little to the variation in crack velocity.

(8) Fatigue pre-cracking

If K is reduced during a test a new incubation period is required before cracking can restart
[4.4, 4.5, 4.7]. Similarly if the final K; during fatigue pre-cracking is greater than the starting
K for the DHC test, crack initiation is much delayed. In some early tests in Romania cracks
could not be initiated or the cracks propagated a small amount then stopped. This experience
was attributed to pre-loading the crack by fatigue. When the final K; of fatigue was lower than
the DHC test load, the crack propagated by DHC at the expected rate. The results of these
early tests are not included in the database.
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(9) Loading rate

Another possible explanation of the variability in crack initiation was thought to be because of
differences in specimen loading. For example, rapid application of the load may lead to
plastic overload at the crack tip. A survey indicated that most laboratories used dead-weight
loading that was applied manually at rates ranging from about 10 N/s up to 80 N/s. Since
testing was successful with such a range of methods of loading, it was not considered further
as contributing to variability.

y = 0.0272x + 8.2315
R?=0.0129

¢ 250C
— Linear (250C)

Crack velocity m/sE-8

0 20 40 60
Final K; MPaym

Fig. 4.6. Lack of dependence or correlation between DHC velocity and final K.

In summary, the chief experimental factors contributing to the variation in the values of crack
velocity that have been accepted into the database, Table 4.1, appear to be variation in peak
temperature and actual test temperature. The other factors considered appear to be under good
control and contribute little to the scatter in data.

4.3. Phase 2: Tests at Other Temperatures on CANDU Pressure Tube

4.3.1. Specimen preparation

The formation of the hydride layer to supply hydrogen to the specimens was consistent within
each laboratory but quite variable between each laboratory:

Country Argentina | Canada China India | ROK |Lithuania| Pakistan [Romania| Russia
0.64 0.5
Hydriding rate| 0.62 0.62 (CANDU) 1.7 0.64 19 (CANDU) 42 0.58
um/h 2.5 1.6
(RBMK) (RBMK)
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The hydriding rates of the CANDU tube RX094 could not be distinguished from those of the
RBMK TMT-1 tube, except in China and Pakistan. Since the electrolyte, current density and
electrolysing temperature were similar in all laboratories, the main source of variation was
attributed to variation in surface preparation. For example, in Pakistan the hydriding rate after
a final grinding with 1200 Emery paper was about 0.5 pm/hour while after pickling in 30%
HNO3/30%H,S04/30%H,0/10%HF the hydriding rate increased by a factor of two to four.

The final hydrogen concentration after annealing was also highly variable and did not
correlate well with the expectation based on the TSSD [4.10], Fig. 4.7.

Chart Title

R?=0.4758

L 80
¢ H prediction
S 60
[22]
S 40 — Linear (H
E prediction)
T 20
0
0 100 200
H theory ppm
(Kearns)

Fig. 4.7. Measured hydrogen concentrations after annealing hydride layers compared with
expected hydrogen concentration based on Kearns’ TSSD. Trend line forced through zero.

The sources of error are:

(a) insufficient time at the annealing temperature to allow the hydrogen concentration to
approach equilibrium,

(b) errors in annealing temperature,

(c) insufficient hydride layer,

(d) retention of some hydride layer before hydrogen analysis,

(e) variation in hydrogen analysis.

Points (a), (b), ¢) and (e) could contribute to values of hydrogen concentration that are too low
while points (b), (d) and e) could contribute to values of hydrogen concentration that are too
high. It was outside the scope of this study to pursue in detail the sources of the variation
although point (e) will be addressed in the section reporting on the inter-laboratory
comparison of hydrogen analysis.

Typical distributions of hydrides are depicted in Figs 4.8 for CANDU material and Fig. 4 9
for RBMK TMT-1 material. In both materials the hydrides are well aligned with the direction
of cold-work giving strong traces in the axial direction, as seen on the radial-axial sections. In
the radial-transverse sections, the hydrides are still aligned but the traces are scattered about
the transverse direction, but rarely approach the radial direction. Before testing the normals to
the hydride plates are mostly in the radial direction, which is perpendicular to the expected
plane of cracking. The length and breadth of the hydride traces are generally much smaller
than 100 pm.
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Fig. 4.8 Hydride distribution in CANDU pressure tube material with a hydrogen

(b)

concentration of 79 ppm.: a - radial-transverse section, b — radial-axial section.
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Fig. 4.9 Hydride distribution in RBMK TMT-1 pressure tube material with a hydrogen
concentration of 76 ppm. a - radial-transverse section; b — radial-axial section.
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Fig. 4.10. Temperature dependence of mean incubation time for DHC in CANDU Zr-2.5 Nb
pressure tube.

4.3.2. Results of DHC tests

Despite the mixed performance of the additions of hydrogen to the material, the DHC tests
were successful, Appendix 4. The prescribed testing conditions were adhered to and the
amounts of crack growth were not excessive. As with the first tests at 250°C, the incubation
times to the start of continuous cracking were quite variable, with large dispersions,
represented by the standard deviation and the range, Table 4.6. Contributing factors are the
sensitivity of the crack monitoring equipment in resolving a change in potential drop and
variations in the preparation of the starter-crack by fatigue. The incubation times consumed
less than 5% of the total test time in all but five of the 89 tests, thus error in their
determination contributed only a small error to the crack velocity.

Table 4.6. Summary of incubation times in CANDU Zr-2.5 Nb pressure tube RX094

[Test Temperature °C 283 250 227 203 182 162 144
Mean value (min) 10 33 19 24* 26# 40 89
Standard deviation (min) 7.4 4.2 12 26* 16# 75 - 48
Maximum value (min) 27 40 36 84 61 190 162
Minimum value (min) 3 0 0 0.7 5 0.3 6

* Excludes values of 284 and 461 min. If these values are included, the mean value is 77 min. and the standard
deviation is 138 min.

# Excludes values of 237 and 1489 min. If these values are included, the mean value is 166 min. and the standard
deviation is 420 min. ’
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The incubation time partly depends on the rate of arrival of hydrogen to the initial crack tip
and thus it will tend to decrease as the test temperature is increased. This expectation is
confirmed, Fig. 4.10, although the correlation is poor. ‘
The crack velocities obtained at temperatures in the range 144°C to 283°C are summarized in
Table 4.7. The standard deviations of the mean values range from 38% down to 8% of the
mean while the range of values at any one temperature varies from a factor of 5.2 down to 1.3.
The values of crack velocity have a clear and highly correlated temperature dependence
described by V = Aexp(-Q/RT). Fig. 4.11 and Fig. 4.12 depict the temperature dependence of
the mean values and total data set, respectively, including the data from the tests at 250°C.
The statistical parameters of the data set are summarised in Table 4.8. Q has a value of
45.4 kJ/mol based on the mean values and 47.9 kJ/mol based on all the data. Linearity is not
verified using the total data. The correlation is higher but the confidence is lower using the
mean values.

In the literature the value of Q has a wide range of values, 72 to 42 kJ/mol, with the current
value being at the low end of the range. The main source of the discrepancy is the variety of
temperature histories involved in the tests. The temperature dependence of DHC velocity
arises through the temperature dependence of the solubility limit and diffusivity, which are
responsible for transporting the hydrogen to the crack tip. The product of their activation
energies over predict that for crack velocity, and other factors, such as the negative
temperature dependence of the yield stress, are involved in describing the temperature
dependence of V. These issues will be discussed further when the data from the other
materials have been presented.

4.4. Phase 3: Tests On Other Materials

4.4.1. RBMK Zr-2.5 Nb with TMT-1 heat-treatment

A similar set of tests were performed on this material in the temperature range 144°C to
283°C with results qualitatively similar to those obtained on the CANDU tube. The complete
results are included in Appendix 4.

Again the incubations times were very scattered, Table 4.9, but the mean values decreased
with increasing test temperature, Fig. 4.13. The incubation time occupied over 5% of the test
time in only seven of the 105 tests thus errors in crack velocity from this source are very low.

Although the data for both materials are very scattered, the mean values of the incubation
times appear to be different, Fig. 4.14, with those for RBMK TMT-1 tube being longer than
those for the CANDU tube.

The crack velocities obtained on the RBMK tube in the TMT-1 condition at temperatures in
the range 144°C to 283°C are summarized in Table 4.10. The standard deviations of the mean
values range from 36% down to 7% of the mean while the range of values at any one
temperature varies from a factor of 4.5 down to 1.2. As with the CANDU material, the values
of crack velocity have a clear and highly correlated temperature dependence described by V =
Aexp(-Q/RT). Figure 4.15 and Fig. 4.16 depict the temperature dependence of the mean
values and total data set, respectively. Linearity of these plots is verified for both
presentations of the data. The statistical parameters of the data set are summarised in Table
4.11. Q has a value of 54.3 kJ/mol based on the mean values and 55.5 kJ/mol based on all the
data. The correlation is higher but the confidence is lower using the mean values.
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Table 4.7. Summary of crack velocities in CANDU Zr-2.5 Nb pressure tube RX(094

Test te'fgerat“re 283 227 203 182 162 144
CraC]l‘O\_ﬁ";L‘;Z“y 83 3.6 2.1 1.3 0.62 0.57
6.3 4.4 2.0 1.4 0.60 0.59
5.6 43 2.1 12 0.74 0.55
6.9 4.0 1.8 0.58 0.87 0.52
6.8 4.1 23 0.98 0.88 0.54
17.7 3.8 1.9 2.0 0.79 0.57
10.5 33 1.9 0.41 0.38 0.52
10.8 5.7 3.2 22 0.59
14.2 5.6 3.0 L9 0.51
9.5 6.0 2.5 1.9 0.49
13.5 5.6 28 1.5 0.48
14.1 5.2 2.1 L5 0.45
4.9 3.1 1.6 0.52
42 L6 0.54
47 2.5
6.2 27
43 3.1
23 2.4
2.8
23
2.1
2.5
Mean value 104 45 24 1.4 0.70 0.53
Standard deviation 3.8 0.98 0.46 0.53 0.18 0.041
Stdev/mean 0.37 0.22 0.19 0.38 0.26 0.08
Highest V/lowest V 3.2 2.6 2.0 5.2 23 1.3

Table 4.8. Statistical summary of DHC tests on CANDU Zr-2.5 Nb pressure tube

Standard Error Upper 95% Lower 95%
Q kJ/mol Confidence of Q| Confidence of Q| A m/s R?
on Q klJ/mol
kJ/mol
Mean values | 45.4 2.76 38.3 233 10°| 098
All data 47.9 1.03 45.8 831 107 0.92
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Fig. 4.11. Temperature dependence of mean velocity of DHC for CANDU Zr-2.5 Nb pressure
tube RX094.
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Fig. 4. ]2 Temperature dependence of velocity of DHC for CANDU Zr-2.5 Nb pressure tube
RX094 based on all tests.




Table 4.9. Summary of incubation times in RBMK Zr-2.5 Nb pressure tube in TMT-1
condition '

Test Temperature °C 283 250 227 203 162 144
Mean value (min) 37 25 29 56 123 660
Standard deviation (min.) 41 44 28 52 134 1080
Maximum value (min.) 120 172 66 148 347 3084
Minimum value (min.) 5 0 1 0 0 67

. y = 4768.8x - 5.6873
2 _
. R =0.7829
6
5 & Incubation time
RBMK
4
- 3 | inear
(Incubation
2 time RBMK)
1
0
0 0.001 0.002 0.003
1T

Fig. 4.13. Temperature dependence of mean incubation time for DHC in RBMK Zr-2.5 Nb
pressure tube in TMT-1 condition.
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Fig. 4.14. Comparison of incubation times for DHC in CANDU and RBMK TMT-1 tubes.
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Fig. 4.15. Temperature dependence of mean velocity of DHC for RBMK TMT-1 Zr-2.5 Nb
pressure tube.




Table 4.10. Summary of crack velocities in RBMK TMT-1 Zr-2.5 Nb pressure tube

Test te‘:‘(‘:’erat“'e 283 250 227 203 | 182 | 162 | 144
4.0 4.0 32 23 085 | 041 | 021 | 0.11
Crack velocity 3.7 4.0 3.0 2.0 0.54 0.44 0.23 0.11
m/s x10 4.8 3.8 33 2.1 1.0 043 | 020 | 0.12
5.0 3.6 3.1 2.1 1.0 021 | 0.11
43 3.7 3.6 2.0 1.0 0.19 | 0.11
5.6 1.9 3.8 2.0 0.54 02 | 0.13
5.9 1.6 3.7 1.9 0.80 022 | 0.13
4.1 1.6 3.1 2.0 1.0 0.14
4.0 1.7 3.9 2.0 0.99 0.094
4.7 3.0 3.8 2.1 0.64 0.091
2.6 4.0 2.0 0.71 0.095
2.5 3.8 1.4 0.69
3.4 3.4 1.4 0.71

3.4 3.4 2.0

33 32 2.1

3.4 33 2.2

3.1 33 1.9

3.6 3.2 0.51

3.1 34 0.52

33 4.0 0.54

4.1

Mean value 4.6 3.3 1.76 0.81 0.42 0.21 0.11
Standard deviation 0.74 0.64 0.63 0.19 |0.013*| 0.014 | 0.015
std.dev./mean 0.16 0.20 0.36 023 |0.03*| 0.07 | 0.14
Highest V/lowest V 1.6 2.7 4.5 1.9 1.1* 1.2 1.5

* Too few values to be statistically useful.

Table 4.11 Statistical summary of DHC tests on in RBMK TMT-1 Zr-2.5 Nb pressure tube

Standard Error Upper 95% Lower 95%
Q kJ/mol Confidence of Q| Confidence of Q| A m/s R?
on Q kJ/mol
kJ/mol kJ/mol
Mean values |  54.6 2.26 60.1 48.4 73x10% | 0.99
All data 55.5 14 58.3 52.7 1.01 x 107 0.94
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Fig. 4.16. Temperature dependence of velocity of DHC for RBMK TMT-1 Zr-2.5 Nb pressure
tube based on all tests.

The mean values of crack velocity of the RBMK TMT-1 material appear much lower than
those for the CANDU tube. The t-test was used to analyse both the total population and the
mean values from each country at 250°C. The assumptions for validity for the t-test were
examined. The DHC testing is considered to be random because each tube and the location of
the test pieces were selected arbitrarily.

B RBMK TMT-1 250C
—o—Normal

Relative frequency

23 27 3 33 37 4 43 47
crack velocity m/s x 10*-8

Fig. 4.17. Frequency distribution of crack velocities at 250 °C of RBMK TMT-1 pressure ube.
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The data from the RBMK tube were not well represented by a normal distribution.
Figure 4.17, although adherence to strict normality can be relaxed. The dispersions of the total
sample population were quite distinct, so one has to be careful in case any difference is caused
by the differences in dispersion rather than the means. The standard deviations of the total
samples were 1.1 for CANDU and 0.64 for RBMK, while those of the means were similar,
0.74 versus 0.70. The t-values of 31 (total sample) and 17 (means) were so large and
significant that the difference between the two tubes is real: the crack velocity in the CANDU
tube was 2.7 times faster than in the RBMK TMT-1 tube at 250°C. This conclusion is further
reinforced when the distributions of values are compared; they are clearly distinct, Fig. 4.18.

0.35
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0.2 CANDU

0.15 RBMK
0.1

0.05 - :
o LUL BabdB0 , sHURUINa}

Relative frequency

2 a2 o2 2 P 0 RN

Crack velocity

Fig. 4.18. Comparison of distributions of crack velocities at 250°C in CANDU and RBMK
TMT-1 tubes (velocities have units of m/s x 10°®).

Assuming that a similar analysis is valid at the other test temperatures, crack velocities were
always greater in the CANDU tube than in the RBMK TMT-1 tube, with a possible increase
in the ratio of velocities as the test temperature was lowered:

Temperature °C 283 250 227 203 182 162 144
CANDU/RBMK TMT-1:
means - 2.25 271 2.71 2.95 291 3.37 4.75

The difference in behaviour of the two tubes is also illustrated by the Arrhenius plot,
Fig. 4.19:
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Fig. 4.19. Comparison of crack velocities of DHC in CANDU and RBMK TMT-1 tubes.

Having concluded that the crack velocities of the two tubes are clearly distinguishable over
the whole range of test temperatures, we now consider their temperature dependencies. The
values of Q in Tables 4.8 and 4.11, the ratios of the crack velocities and Fig. 4.19 all suggest
that the RBMK TMT-1 tube has greater temperature dependence than the CANDU tube.
However, statistically the temperature dependencies cannot be separated. This conclusion will
be reinforced when the next sets of results are presented.

4.4.2. CANDU tube from Cernavoda

Velocity of DHC was measured at 250°C, 227°C and 203°C on specimens machined from
tube 429. The results are included in Appendix 4 and summarised in Table 4.12.The values
are slightly larger than those of tube RX094 although t-tests show they are essentially
indistinguishable. The temperature dependence is also similar, Fig. 4.20, with an activation
energy of 59.4 kJ/mol. This value is not very reliable because it is based on only three test
temperatures. The technical significance of this result is that the two pressure tubes, which
were chosen at random, one made from an ingot that was double melted and one from an
ingot that was melted four times, have similar DHC behaviour, strongly suggesting that ingot
preparation has no effect on the velocity of DHC [4.11].
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Table 4.12. Summary of crack velocities in Cernovoda CANDU pressure tube 429

Test Temperature °C 250 227 203
10.0 6.3 22
Crack velocity 9.3 5.6 2.3
m/s x 10 9.4 5.0 27
5.1 3.0
5.0 2.5

4.8

5.8

4.7
Mean value 9.6 53 2.5
Standard deviation 0.34 0.56 0.31
Difference of means 79 10.8 53

(429-RX094) %

¢ Cernavoda

® Mean of
RX094

—| inear
(Cernavoda)

InVv

0.0019 0.002 0.0021 0.002% =-7143.2x+15.932
o R? = 0.9628

Fig. 4.20. Temperature dependence of DHC in Cernovoda Zr-2.5 Nb pressure tube 429.

4.4.3. HWR tube from India

Velocity of DHC was measured in the temperature range 283 to 162°C on specimens
machined from tube 100-2-3. The results are included in Appendix 4 and summarised in
Table 4.13.
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Table 4.13. Summary of crack velocities in Indian HWR pressure tube 100-2-3

Test temperature °C 283 250 221 203 182 162
Crack velocity 16.2 8.5 42 2.6 0.96 0.56
m/s x 10 17.7 9.2 4.5 2.3 0.97 0.80
8.1 3.5 1.6 1.0 0.47
7.2 1.9
6.3 2.1
6.6 1.9
6.8
8.2
Mean value 16.9 7.6 4.1 2.1 0.99 0.61
Standard deviation - 1.05 0.49 0.33 0.043 0.17
Difference in means
((100-2-3)-RX094)% 38.5 -16.5 -10.7 -16.7 -41.3 -14.7

Except at a test temperature of 283°C, the values are slightly lower than those of tube RX094,

although t-tests show they are from the same population. The temperature dependence is also

similar, Fig. 4.21, with an activation energy of 56.4 kJ/mol.

Again, tubes made from ingots with different melting practice and slightly different

microstructure, have similar DHC behaviour [4.12].

—0.003
= | y=-6789.7x + 14.996
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¢ Indian material
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—=| inear (Indian
material)

R? =0.9807

Fig 4.21. Temperature dependence of DHC in Indian Zr-2.5 Nb pressure tube 100-2-3.

3



4.4.4. Other RBMK materials

The velocity of DHC was measured at 250°C on specimens machined from a standard RBMK
tube, from a standard tube in which the recrystallization treatment was absent and from a tube
given the TMT-2 treatment. About 100 ppm hydrogen were added gaseously to all specimens.
The results are included in Appendix 4 and summarised in Table 4.14.

Table 4.14. Incubation times and velocity of DHC at 250°C for three RBMK tubes

Material RBMK RBMK TMT-2
Standard no annealing

Incubation time 3240 29 160
Minutes 1244 18 140
1560 197
Crack velocity 1.7 13.2 6.0
m/s 10” 3.2 _ 17.1 6.1
1.9 6.6
Mean value, V 2.3 15.2 6.3

Cracks were reluctant to grow in the standard. RBMK material and the initial K; used was
higher than with other materials, about 21 MPaVm. The incubation times to the start of
cracking were very long and the rate of cracking was low in this material. The other materials
exhibited faster cracking but still lower than that in cold-worked Zr-2.5 Nb.

4.4.5. Alternative measurement method — CANDU Tube RX094

The standard method was not followed in Argentina because of difficulties in obtaining an
accurate hydrogen analysis. This uncertainty led to uncertainty in what peak temperature to
use and what test temperature to apply. The hydrogen concentration may be estimated by
finding the temperature at which cracking starts after cooling from a temperature well above
any reasonable solvus temperature for dissolution [4.13—4.15]. The test sequence was to heat
to 330°C, well above the annealing temperature used for adding the hydrogen, cool to a trial
test temperature, load the specimen and wait for the potential drop to indicate cracking. If no
cracking was observed after a time that was several times the expected incubation time, the
temperature was lowered. This process was followed until a temperature, T., was reached
where cracking was detected, Fig 4.22. In this example, T, was about 282°C. The value of T,
was related to the TSSP [4.15]. The crack front was marked either by overloading or heat-
tinting, although the former gave erratic results in the RBMK TMT-1 material. On further
lowering the test temperature, the crack grew and the velocity was estimated from the extent
of cracking measured on the crack surface divided by the time of cracking as indicated by
potential drop. As observed by Ambler [4.6], once cracking had initiated, with a reduction in
temperature of about 10 to 20°C the crack velocity increased, passed through a maximum
value then decreased as V=Ae YT, Both of the common pressure tubes behaved in a similar
manner, except cracking in the RBMK TMT-1 tube was about 2.5 times slower than in the
CANDU tube, Fig. 4.23.
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Fig. 4.22. Progressive cooling to evaluate the temperature at which DHC starts.
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Fig. 4.23. Crack velocity as a function of inverse temperature during cooling showing
maximum velocity below T, followed by Arrhenius-behaviour at lower temperatures.

4.5. Striations

A prominent fractographic feature of DHC in Zr-2.5 Nb is the formation of striations

perpendicular to the crack direction. Typical examples are shown in Fig. 4.24 for both the
main pressure tubes.
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Fig. 4.24. Striations formed by DHC at 283°C. A) RBMK TMT-1 containing 76 ppm
hydrogen, B) CANDU containing 79 ppm.

The light contrast arises from ductile fracture while the dark contrast is produced by cleavage
of hydrides. The spacing between striations was measured by counting the number of
striations within a known length of cracking and the results from four laboratories (Canada,
ROK, Lithuania and the Russian Federation) are summarised in Table 4.15.

Striation spacing increases with increase in test temperature and appears to be larger in the
specimens of the RBMK material than in the CANDU material. When compared with
published values, those from CANDU material agree exactly with those of Nuttall and
Rogowski [4.16] but when later measurements by Simpson and Puls [4.2] are added, they
include the current values on RBMK TMT-1 material, Fig.4.25.
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Table 4.15. Striation spacing of DHC at various temperatures on the two main materials

CANDU Tube RX094
Test temperature, °C 283 275 250 227 203 182 144
Striation spacing, pm | 27.9 225 19.8 13.1 17.2 9.53 8.8
28.8 24.2 20.0 14.5 16.4 10.8 8.0
32.3 20.4 17.2 16.5 9.9 13.8
29.1 22.1 16.4 16.7 10.0 12.9
31.6 19.3 15.9 15.8 11.3 13.7
29.6 24.8 16.1 9.8 12.0 11.5
21.6 10.9 11.6 9.97
20.8 : 12.6 9.8 10.3
243 11.2
22.5
17.8
21.6
17.3
21.0
18.8
20.3
Mean value, pm 29.9 23.4 20.8 15.5 14.5 10.7 11.1
Standard deviation 1.7 - 2.1 1.5 2.9 0.90 2.2
RBMK TMT-1
Temperature,®C 283 250 144
Striation spacing, um 41.9 27 19.6
43.2 26.3 23.3
37.7 30.9 21.5
32.4
Mean value, pm 40.9 29.2 21.5
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Early in the tests at 250°C on RBMK material in the annealed condition, the striation spacing
was up to 200 um but reduced as the test continued. In stress relieved material the average
spacing was 45 um while after the TMT-2 heat-treatment, spacings averaged 75 pm. All the
striation spacings in each material of the current study can be reconciled as a linear function
of the yield stress, Fig. 4.26.
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Fig. 4.25. Temperature dependence of striation spacing.
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Fig. 4.26. Yield stress dependence of striation spacing.

4.6. Inter-Laboratory Comparison on Hydrogen Analysis
All of the participating laboratories (excluding Canada) used commercial inert gas fusion

(IGF) instruments for the determination. (In Canada an isotope dilution method was used
[4.17, 4.18] because the heat-transport fluid in a CANDU reactor is heavy water and one
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needs to distinguish between deuterium and protium when estimating hydrogen ingress.) Any
large variation between these instruments would reflect problems with standards, improper
laboratory procedures or instrumental malfunctions. Table 4.16 is a synopsis of the
instrumentation and methods used by each laboratory. The table also summarizes information
on standards and blanks. Two laboratories reported that they used the ASTM analysis
procedure for H in Ti [4.19]. This procedure is similar to that recommended by the instrument
manufacturer. Presumably the other laboratories followed the instrument manufacturers
recommended procedure.

Table 4.16. Synopsis of instruments and methods used by each laboratory

Country |Bottle Equipment Procedure Standards Blank
Argentina |1 &3 LECO RH 404 Ti: LECO 502-154 and 762-741
China 2 LECO RH 404 Ti 1 ug/g
India 4 LECO RH IE Ti: LECO 762-741 1.1+0.2 png/g
ROK 5 LECO RH-404 Zr-2.5Nb: AECL 20HA and 100HA | 0.05 pg/g
Lithuania 6 LECO RH-402 Ti 0.017 pg/g
Pakistan 7 |STROHLIEN H-mat 251 Zr: NBS-358, Ti: AR-641 0.00001 pg/g
Romania |8&3| ELTRAOH-900 |xqTME 1447 Ti: AR 642 02 gl
Russia 9 LECO RH-404 Ti: LECO 762-741 0.28 ng/g
Sweden 10 ELTRA OH-900 JASTM E 1447|Ti: AR 648, NIST 352¢, BCR No 318 0.4 ug/g
Canada 11 AECL HVE - IDMS Custom None 1.5+ 0.4 pg/g
e

Results of the individual determinations are compiled in Table 4.17.

Table 4.17. Summary of analysis results from round robin on hydrogen analysis

Country | Argentina | China | India | ROK |Lithuania | Pakistan [Romania| Russia | Sweden Can;ada Car};ada

Bottle 1 2 4 5 6 7 8 9 10 11 11

H(ug/g)| 41.0 48 458 | 46.6 57.9 49.5 29.3 476 49.8 46.7 47.1
574 45 442 46.4 57.5 50.0 25.6 49.6 52.3 45.9 473
60.1 49 46.3 47.7 57.5 50.0 25.1 48.8 50.0 46.8 46.9
40.8 50 41.1 479 57.7 50.0 17.8 512 50.6 48.2 47.0
61.7 45 423 | 487 57.9 50.0 35.0 492 51.2 47.3 473
59.7 49 41.5 47.7 57.6 50.5 504 48.5 49.8 45.7 475
59.9 49 444 47.1 59.2 50.5 32.6 48.4 50.1 47.1 47.0
43.3 48 40.5 | 46.7 51.0 22.1 48.1 50.9 46.2 46.7
46.2 49 442 | 47.1 51.0 16.5 52.9 51.2 47.0 47.1
61.4 48 433 48.7 28.5 50.8 50.9 46.3

Mean 53.2 48 434 47.5 579 50.3 28.3 49.5 50.7 46.7 47.1

Std Dev 9.1 1.7 2.0 0.8 0.6 0.5 9.8 1.7 0.8 0.7 0.2
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4.6.1. Precision

The instrumental precision expected for repeat measurements is specified to be within 2% rsd
(based on calibration by gas analysis) on the LECO RH-404 [4.20] and 1% rsd for the
ELTRA OH-900 [4.21]. We assume that the other instrument models are competitive and
offer similar precision. Considering the blank uncertainty and other uncertainties associated
with the fusion step, a precision of 1-2 pg/g was anticipated from each laboratory. Most of
the laboratories achieved that precision. This result confirmed that the samples were properly
prepared with a small dispersion and were properly randomized. Argentina and Romania
obtained a large dispersion initially. On investigation these laboratories confirmed that their
instrument was malfunctioning. Five specimens from Bottle 3 were sent to these two
laboratories and the subsequent results had a low dispersion:

. Standard

Hydrogen Concentration ppm Mean Deviation
Argentina 53.3 53.2 53.1 53.0 534 53.2 0.16
Romania 543 54.4 56.2 52.8 54.3 54.4 1.2

The instrumental blank uncertainty may also contribute to the analysis precision. In Table
4.16, a wide range of blank values is reported. Some of the very low values reported are
probably the residual blank after instrument compensation. The actual size of the blank should
be determined and monitored routinely. The uncertainty on the blank must be known to
calculate the precision of the sample analysis.

4.6.2. Bias

Assessment of the bias is hindered somewhat by the ambiguity in the known hydrogen
concentration. The initial analysis of the 40 samples in Canada indicated the mean value was
49.8 ng/g. After 2 months of storage, the specimens in bottle #11 were analysed on two
different HVE - IDMS instruments. The combined mean hydrogen concentration was found
to be 46.9 pg/g. Such large systematic shifts are not seen on these instruments for analyses of
deuterium in Zr standards, so it is thought that the original analysis was contaminated by
background water from humid air providing an incorrect blank. High humidity may bias
values since HyO adsorbed on the surface of the sample reduces to H, during the fusion. The
system blank does not account for this excess hydrogen introduced by the sample itself.
However, there was no evidence that the observed relative biases correlate with differences in
humidity.

Fig. 4.27 shows the results plotted relative to the mean value obtained in Canada (46.9 pg/g)
and illustrates the relative biases between the laboratories. The results from Romania and
Argentina are from the extra five specimens. Since all of the hydrogen in the Zr-2.5 Nb
specimens came from the same source, the biases reflect differences in the performance of the
individual laboratories.

The use of the standards may be the source for much of the bias. The standard deviation on
some of the Ti standards is large. The laboratory operators must run a sufficient number of
calibration standards to ensure that the calibration is not biased. For example, using LECO
762-741 certified with a standard deviation of 10 %, at least 16 calibration standards would
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have to be analyzed to ensure that the calibration bias was < 5% at a level of confidence of
95%. Also Ti may not be a good surrogate for Zr. All laboratories used hydrogen in Ti as
standards, except ROK. Zr standards had been provided to ROK by AECL under a
commercial contract. Those standards were produced in the same way that the inter-laboratory
specimens were produced. Therefore the agreement between Canada and ROK is expected to
be good. More importantly, the differences between ROK and the other laboratories may be
indicative of a real difference between Zr and Ti standards. For example, ROK measured the
calibration factors for their instrument using both Ti and Zr standards, and obtained values of
1.3672 and 1.2591, respectively. The results suggest that more hydrogen is released from Zr
than Ti. If the results with the high bias are corrected by the ratio of the two calibration
factors, 0.9209, most of the values approach those of Canada and ROK, Fig. 4.28. The
calibration factor for the Lithuanian results was reported as both 1.5366 and 1.3769 with the
results being presented with the higher value in Fig. 4.27. These results were revised by
0.8194 in Fig. 4.28. The results from India tended to be slightly lower than those from Canada
and ROK so they were not modified in Fig. 4.28.
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Fig. 4.27. Hydrogen analysis in each country relative to Canadian results.
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Fig. 4.28. Hydrogen analysis results modified by the ratio of the calibration factors for Ti and
Zr standards: open points, initial results from Fig. 4.27 are closed points.

The above corrections will not be exact because the calibration factors for Ti and Zr in the
specific instruments will likely be different from those quoted, but the corrected results
comply with those derived using Zr as a standard and with the initial hydrogen additions. If
this approach is correct, standards appear to be specific to the particular metal. Thus
measurements of hydrogen in Zr should use hydrogen in Zr for standards rather than
hydrogen in Ti.

4.7. Discussion

The results presented in the previous sections show that this Co-ordinated Research Project
has met its objectives. The methods for performing consistent measurements of DHC velocity
in Zr-2.5Nb developed in Canada have been transferred to other countries. The general
agreement on the values between the different laboratories on the two main test materials
demonstrates the success of this transfer.
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The main areas of inconsistency are with the additions of hydrogen and its analysis. Some
latitude is available for DHC measurements so long as the temperature history of the tests
meets the criteria for maximum crack velocity:

(a) The peak temperature must be equal to or exceed the solvus temperature for hydrogen
dissolution, T4 [4.4].

This criterion is met so long as the peak temperature is greater than the annealing temperature
used to diffuse the hydrogen into the specimen. Examination of the reported test conditions
shows that this criterion was met, with the exceptions mentioned in Section 4.2. Some tests on
other tubes may not have fully met this criterion. Three Indian tests at 250°C on tube 100-2-3
on specimens containing 80 ppm used a peak temperature of 306°C; depending on which
TSSD is used [4.10, 4.22—4.24] Ty is between 317 and 329°C so hydrides would still have
been present at the peak temperature. The crack velocities of these specimens were slightly
lower, 6.3 to 7.15 x 10 m/s, than in similar specimens containing 60 ppm (T4 between 295
and 306°C) that had a peak temperature >319°C, 8.06 to 9.24 x 10® m/s. The peak
temperature in the tests on the other RBMK materials, Table 4.14, were 325 to 330°C whereas
with a hydrogen concentration of 100 ppm the preferred peak temperature is 335 to 348°C,
thus the reported values of crack velocity may be slightly too low.

(b) The test temperature must always be attained by cooling.

Results of tests were rejected in which there was known undercooling before the test
temperature, T;, was reached and therefore the test temperature was attained by heating
(Section 4.2).

(c) Hydrides must be available at the test temperature.

DHC can start when the solubility limit for precipitation is exceeded at the crack tip because
of the transport of hydrogen into this high stress region. Thus the temperature at which
cracking is possible, T, is between Tq4 and T, the solvus for precipitation. Over the current
range of test conditions, based on crack incubation time detected by acoustic emission, [4.13,
4.14], Ty4-T; is in the range 6 to 17°C and T¢-T), is in the range 41 to 52°C while the same
quantities derived from cracking detected by potential drop [4.15] are 16 to 28°C and 30 to
42°C. To obtain the maximum crack velocity (minimum incubation time), the test temperature
should be > 15°C lower than T, that is, about 35 to 45°C below Ty or within 15 to 25°C of Tj,
The results in Section 4.4.5, Figs 4.22 and 4.23, illustrate this situation. As the test
temperature was lowered cracking was detected; this is T.. As the temperature was lowered
further the crack velocity increased to a maximum value; let us call this temperature Ty,. With
subsequent temperature reduction the crack velocity followed the Arrhenius relationship with
all these values being the maximum value for that temperature. The relationship between T,
Tm, T4 and T, is summarised for these tests in Table 4.18. Included is a similar test on
irradiated Zr-2.5 Nb, which fits the pattern [4.25].

A second illustration of the need to exceed a critical hydrogen concentration is the lower two
results in Table 4.2. The test temperature of 250°C for the specimens containing 40 ppm did
not meet the (T.-15°C) criterion and thus the crack velocity was less than the maximum
possible value; the specimens containing 55 ppm had sufficient hydrogen to crack at the
maximum velocity because Ty < T.-15°C.
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Table 4.18. Test results indicating the temperature where the DHC velocity is maximized, Tp,,
and the relationship to the hydrogen solvus temperatures

H o o TC OC o o
Material H ppm T, °C T °C Literature Tq4°C T, °C
CANDU 24 201 189 | 218227 | 234242 | 175-206

34 246 232 238249 | 256265 | 198-226

53 276 263 268278 | 286-206 | 232-254

60 (300} | 275-280 | 276-287 | 295-305 | 243-262

CANDU 105 | 320-325 | 300310 | 319-330 | 340-352 | 291-296
Irradiated :

RBMK TMT-1 | 30 240 28 231241 | 248257 | 190-218

47 275 263 260270 | 277-287 | 223-246

56 (284} 278y | 271282 | 290-300 | 237-257

Having a test temperature below T, guarantees the maximum crack velocity because hydrides
are available throughout the specimen while the maximum hydrogen concentration in solution
(supersaturated from cooling) is also available.

For the current tests, based on the reported hydrogen concentrations, maximum crack
velocities were measured since the T, criterion was met in all specimens tested at 203°C and
below. In tests at 250 and 227°C the (T.~15°C) criterion was met while in some tests at 283°C
the (T.-15°C) criterion was apparently borderline, which may account for some of the low
values of crack velocity and the large standard deviation that were observed in the CANDU
material, Table 4.7. In retrospect, the target hydrogen concentration for testing at 283°C
should have been a little higher, say 85 to 90 ppm, to guarantee maximum velocities.

In Section 4.4.1 we concluded that DHC was 2 to 5 times slower in the RBMK TMT-1
material than in the CANDU tube. To judge whether these results represent members of the
same population or not we need data from other tubes made to each representative
specification. No further data are available on the RBMK material but several tests that met
the criteria for maximum crack velocity have been done at 250°C on CANDU tubes other
than the three reported here (Sections 4.2, 4.4.2, 4.4.3.) The results are summarised in Table
4.19. The best we can do is show whether or not the results on the RBMK TMT-1 tube are
outside the distribution of the samples of CANDU data.

If so, and since these tubes were selected at random, we can conclude that the difference is
because they were sampled from separate populations. The mean value of the results at 250°C
on the RBMK TMT-1 tube was 3.3 x 10 + 0.64m/s (Table 4.10) which has less than 5%
chance of being part of the distribution of results on CANDU material, that is:

(9.52—2 x 2.2)) > (3.3+(2 x 0.64)). We conclude that the results from each type of tube come
from different populations.
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Table 4.19. DHC velocity at 250°C in several CANDU tubes

Yield stress Standard deviation
Mpa Mean crack (number of
Material H ppm T p velocity . Reference
ransverse s x 10° specimens)
250°C ! m/s x 10
RX094 |55-63 567 8.86 1.07 (80) This report
429 65 - 67 585 9.6 0.34 (3) This report
1002-3 [ 60-80 531 7.6 1.05 (8) This report
"n ”"n 7'0
SMIRT-17" | 170 606 (Interpolated value) 4.25
Tube A front | 72 | Not available 8.4 0.41 (6) Choubey private
communication
Tube A back | 72 600 8.5 0.54 (6) Choubey private
communication
Tube B front | 69 | Not available 9.4 0.33 (6) Choubey private
communication
Tube B back | 69 600 8.8 0.58 (6) Choubey private
communication
Tube C front | 72 | Not available 2.1 0.35 (6) Choubey private
communication
Tube C back | 72 602 9.2 0.73 (6) Choubey private
communication
Tube D front | 73 | Notavailable 8.9 0.23 (6) Choubey private
communication
Tube D back | 73 614 14.6 0.60 (6) Choubey private
communication
Tube E middle| 63 - 71 567 6 0.30 (6) Choubey private
communication
Tube F 60 559 7.6-8.38 Shek private
communication
Zr conference| 55 Not available 11.8 3.1 (5 43
Mean value 9.52
StaI.ldt.ll'd 29
deviation

The crack velocity is controlled by the solubility limit, C, diffusivity of hydrogen, D, and the
ability to form and crack a hydride. The sources of the difference between the tube types are
the parameters that affect each of the controlling factors: grain structure, crystallographic
texture and strength. The interactions are complicated because strength is determined by the
grain structure and texture as well as the chemical composition while grain structure and
texture can affect DHC independently of strength. As examples:

(a) if the B-phase is continuous it can provide a pathway for rapid hydrogen diffusion and
high crack velocities [4.26, 4.27],

(b) a tensile stress parallel to the basal plane normal promotes precipitation of hydrides with
their platelet normals parallel with the stress and facilitates cracking whereas cracking is
difficult when the tensile stress is perpendicular to the basal plane normal, [4.27—4.30],

(c) a high yield stress produces a high stress gradient at the crack tip and reduces the size of
the hydride required for cracking and therefore facilitates DHC [4.4, 4.8, 4.31]. The latter
effect is reflected in the dependence of the striation spacing on yield stress, Fig. 4.26.
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The crack velocity was expected to be lower in the RBMK TMT-1 tube than in the CANDU
tube because:

— it did not contain a continuous [3-phase film in its grain boundaries as in the CANDU tube,
— the fraction of basal plane normals in the transverse direction was much lower in the
RBMK
TMT-1 tube than in the CANDU tube,
— the yield stress was lower in the RBMK TMT-1 tube than in the CANDU tube.

To judge the relative importance of the microstructural features and strength, we compare the
results on a CANDU tube given the same heat-treatment as TMT-1 [4.32]. The microstructure
was similar to the RBMK tube but the strength was higher than in a cold-worked tube
(estimated at 250°C by interpolation). The crack velocity (estimated by extrapolation of a
fitted Arrhenius line) was intermediate between the values of the current two materials,
Table 4.20. With the warning that only one tube is being sampled from each potential
population, the results demonstrate that both microstructure and strength can independently
affect crack velocity.

Table 4.20. Comparison of the factors affecting DHC velocity in Zr 2.5 Nb

. Continous Yield stress, Mpa Crack velocity
Material Frp B-ph Transverse, I x 107
-phase 250°C m/s
CANDU CW 0.6 Yes 567 8.9
CANDU HT 0.42 No ~700 ~5.5
RBMK TMT-1 0.42 No 494 - 524 33

Difference in strength seems to be the main reason why the crack velocity in the standard
annealed RBMK tube, (yield stress of 255-314 MPa) was about ten times slower than when
the tube was only stress-relieved rather than annealed, providing a strength of 455 MPa,
Table 4.14. Since texture is mostly established during extrusion, the texture of the two tubes
should be similar. The pB-phase stringers would be mostly decomposed by the intermediate
anneal at 580°C so they should not play a major role in enhancing hydrogen diffusion. The
importance of yield stress in controlling DHC velocity at 250°C is illustrated in Figure 4.29.
Included in the figure are the current results, those in Tables 4.19 and 4.20 as well as the early
results demonstrating the effect of strength [4.4] and results from a well-controlled irradiation
[4.33] assuming the increase in strength is the main factor. Although the correlation holds
over this wide range of yield stresses, it can be improved by taking into account the
microstructure differences. To account for the temperature dependence of hydrogen migration
V is normalized [4.31] by the solubility limit, (C=1.2 x 10° exp(-35900/RT)) [4.10] and
diffusivity (D =2.17 x 10”'exp(-35100/RT)) [4.34].

The equation for the solubility limit was chosen because it provides a good representation of
many data sets. To represent the materials where the B-phase was not continuous, the pre-
exponential term in D was reduced by 50%. The activation energy was not changed to
acknowledge that Q for crack velocity was similar for all the materials. To take into account
texture, V was normalized by Fr, Table 3.4 [4.29]. The results, Fig. 4.30, show that the
correlation is improved by 10%.
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Fig. 4.29. Dependence of DHC crack velocity at 250°C in Zr—2.5 Nb on yield stress.

2 y =0.0073x - 0.2018
R?=0.93

6
= 5
5 In VICDFt
8 4 ¢ In
5
O 3 =—Linear (In
= V/CDFt)
£ 2

1

0 ' .

0 500 1000
Yield Stress MPa

Fig.4.30. Dependence of normalized DHC crack velocity at 250°C in Zr-2.5 Nb on yield
stress. .

Despite the assumptions required because of lack of detailed information on some of the
materials and the need to use representative values of C and D rather than values for the actual
tubes, the analysis appears to depict the important factors in DHC velocity at one temperature.

The need for the normalization is more apparent when all the results at other test temperatures
from this programme are plotted against strength, Fig. 4.31.
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Fig.4.31. DHC velocity for the four test materials at various test temperatures as a function of
yield stress.

Using the same normalization as above with the same equations for C and D, and the same
values of Fr, the data are united, Fig. 4.32, although a better correlation is attained if the effect
of texture is ignored, Fig. 4.33.
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Fig. 4.32. Dependence on yield stress of normalized DHC velocity in the Zr-2.5 Nb tubes used
in the current study.

When the data presented in Fig. 30 are combined with those in Fig. 4.32, they exhibit a clear
but modest correlation with yield stress, Fig. 4.34. Thus the results of the test programme on
Zr-2.5 Nb tubes made by different fabrication routes from material of different compositions
and performed in different countries can be rationalized empirically through the expected
temperature dependence of the main factors important to DHC — solubility limit of
hydrogen, diffusivity of hydrogen and strength, and by taking into account microstructural
features such as the distribution of B-phase and crystallographic texture.
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Fig. 4.33. Dependence on yield stress of normalized DHC velocity in the Zr-2.5 Nb tubes used
in the current study, ignoring differences in texture.
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Fig. 4.34. Dependence on yield stress of normalized DHC velocity of all the various
Zr-2.5 Nb materials tested over a wide temperature range.
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CHAPTER 5

MEASUREMENT OF DHC VELOCITY IN FUEL CLADDING USING THE
PIN-LOADING TENSION TEST

As indicated in Chapter 1, DHC is implicated in the development of long splits in some fuel
cladding. A potential method for evaluating DHC is described below.

5.1. Method

The Pin-Loading Tension (PLT) technique has been used to characterise the fracture
toughness in the axial direction of irradiated cladding [5.1-5.3]. A notched PLT-specimen is
manufactured from the cladding tube, Fig. 5.1. The specimen is axially notched at both edges,
with the notches at the front edge of the specimen being sharpened by fatigue.

Y

.

w

Fig. 5.1. Schematic diagram of the PLT specimen, fixture, and specimen-fixture assembly.

The PLT-fixture consists of two halves, which when placed together form a cylindrical holder
A (see Fig. 5.1). The diameter of the holder allows it to be inserted into the tubular PLT-
specimen, while maintaining a minimal interfacial gap. The fixture halves are loaded in
tension through the pins B and have the capability of mutual rotation around the axis
determined by a small pin C placed between the fixture halves at the end of the cylindrical
holder. The rotation of the fixture halves is similar to the rotation of the halves of a compact
specimen (CT) under tension, except that in the PLT-fixture, the rotation axis does not change
its position when the crack propagates in the specimen.

The PLT specimen, pre-cracked by fatigue, can be used both for the fracture toughness
evaluation and for the measurements of DHC velocities in fuel cladding materials. The crack
extension during the testing can be monitored by measurement of DC potential drop, Fig. 5.2.

In the fracture toughness test the load and load-point displacement are monitored during the
loading to plot the load-displacement record (LDR). After unloading, the crack extension area
is marked by short-term fatigue, and the crack extension is measured on the both sides of the
specimen. The average value of the crack extension is used for toughness evaluations.

The J-integral values are calculated from the LDR and plotted against the corresponding crack
extensions. That plot represents a J-resistance curve of the specimen. The J-resistance curve is
used to establish a crack initiation point, Jy, which is the J-integral value at the intersection
of the 0.2 mm offset line and the J-resistance curve. The initial crack growth toughness,
dJlda, is obtained as a linear regression slope of the J-resistance curve between the 0.15- and

1.5-mm offset lines, Fig. 5.3.
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Fig. 5.2. The PLT specimen with attached DCPD probes mounted in the testing machine.
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Crack Extension (mm)

Fig. 5.3. An example of J-resistance curve and fracture surface of hydrided Zircaloy specimen
(200 ppm) tested at 25°C.

The same experimental set-up has been used for the measurements of delayed hydride
cracking velocity in Zircaloy cladding [5.4]. The PLT-specimens with two different lengths, 9
and 13 mm, were machined from Sandvik Zircaloy-4 lot 86080 (see Fig. 5.1). The tubing had
an outside diameter of 9.5 mm and a wall thickness of 0.57 mm. The material had a final
anneal of 480°C for 3.5 h and had a recovered cold-worked structure with 5 to 10%
recrystallisation. The yield stresses at 20 and 385°C were 553 and 355 MPa, respectively.
About 200 ppm hydrogen were added to the tubing electrolytically. The pre-cracked
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specimens were heated in air to 315°C for one hour, cooled to the test temperature of 250°C,
then loaded after a hold time of about one hour. To monitor crack growth under the constant
load applied to the specimen, the DCPD technique was used. The loading of the specimen
was usually accompanied by a step-wise increment of the DCPD reading followed by a
gradual increase of the DCPD values, Fig. 5.4. Cracking was allowed to continue until the
crack had grown about 2 mm. The load was then removed, the furnace opened and the
specimen cooled down to room temperature. The unloading of the specimen was usually
accompanied by a step-wise decrease of the DCPD reading (see Fig. 5.4). The end of the
crack was marked by means of short-term fatigue. An example of specimen fracture surface
obtained after the DHC test is also shown in Fig. 5.4.
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Fig. 5.4. An example of the data record for entire DHC test performed for hydrided Zircaloy
cladding (200 wtppm). The DHC-crack area extended during the time under constant load of
110 N is clearly distinguished at the specimen fracture surface (one side of the specimen is
shown).

5.2. Results

Independently of the specimen length, 9 or 13 mm, good reproducibility of the axial crack
velocity, Vpyc, was observed, Table 5.1.

Table 5.1. Results of DHC tests at 250°C on Zircaloy-4 fuel cladding

oo Testtemp | Test tem_;]) DHC-crack Ipcubatipn .Crackil?g DHC velocity
Q) 1000x(K™) (mm) time (min) time (min) (m/s)
13-4 2479 1.920 2.4 24 1398.0 2.8E-08
13-5 249.5 1914 1.6 119 1032.5 2.6E-08
13-6 249.9 1912 2.4 30 1294.0 3.0E-08
9-4 250.2 1911 1.7 21 962.0 3.0E-08
9-5 248.1 1919 2.1 14 1324.0 2.7E-08
9-6 251.1 1.908 1.6 19 875.0 3.0E-08
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The Vpyc-values for identically tested specimens fell within the interval of 2.6 x 0 m/s to
3.0 x 10 m/s. Compared with the axial crack velocities obtained at 250°C in the Zr-2.5Nb
pressure tube material, this range of values is below those for CANDU material, Table 4.1,
but similar to those for RBMK TMT-1 material, Table 4.10. Contributors to the low value of
Vppue would be the low peak temperature that did not allow all the hydrogen to be dissolved
and the moderate yield strength (430 MPa at 250°C,(by interpolation)), but separating these
factors is beyond the scope of this report

The DHC-crack surface topography obtained in the present work for unirradiated cladding,

Fig. 5.5, appears to reproduce the main topographical features observed for axial splits in
failed fuel rods:

Fig. 5.5. Typical macroview of DHC fracture surface in unirradiated hydrided Zircaloy
cladding and SEM photos of the same fracture surface (the SEM photos are the courtesy of K.
Pettersson).

— the crack surface is macroscopically flat and oriented along the radial-axial plane of
cladding;

— the clear "chevron" pattern is observed along the entire DHC-crack length;

— the notch length and fatigue crack length are longer at the inner surface of the specimen,
while the DHC-crack propagates faster in the outer layers of the specimen;

— the fatigue crack propagates without specimen thinning while the specimen wall is thinned
along the DHC-crack.

5.3. Summary
A method has been developed and demonstrated to measure the crack velocity of DHC in fuel

cladding. The method is based on a previous method used for evaluating fracture toughness of
fuel cladding and incorporates the knowledge developed in this CRP.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1. Conclusions

1.

2.

The techniques for performing measurements of the rate of delayed hydride cracking
in zirconium alloys have been transferred from the host laboratory to other countries.
By following a strict procedure, a very consistent set of values of crack velocity were
obtained by both individual laboratories and between the different laboratories.

The results over a wide range of test temperatures from materials with various
microstructures fitted into the current theoretical framework for delayed hydride
cracking.

An inter-laboratory comparison of hydrogen analysis revealed the importance of
calibration and led to improvements in measurement in the participating laboratories.
"The success of the CRP in achieving its goals has led to the initiation of some national
programmes.

6.2. Recommendations

1.

2.

Future work on delayed hydride cracking should be on equally well-characterized
material with similarly controlled experimental procedures.

Based on the success of this CRP, it is recommended that further research should be
initiated with the objective of evaluating delayed hydride cracking in fuel cladding to
support understanding of long splits observed in some fuel.

Zirconium standards rather than titanium standards are recommended for calibration
when analysing hydrogen in zirconium alloys.
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- ABSTRACT: An experimental program has been carried out to measure the terminal solid

~, solubility (TSS) of hydrogen in Zircaloy. Unirradiated electron beam (EB) welded Zircaloy-2,
EB-welded Zircaloy-4, Zircaloy-2 pressure tube, cold-worked B-quenched Zircaloy-2 forging,
oxygen-strengthened tungsten inert gas (TIG) welded Zircaloy-4, and irradiated welded Zir-
caloy-2, welded Zircaloy-4, and- Zircaloy-2 pressure tube materials were tested. A differential
scanning calorimetry technique was used to measure the dissolution and precipitation temper-
atures.for. a range of hydrogen concentrations.

The TSS behavior of unirradiated EB welded Zircaloy-2 and Zircaloy-4, Zircaloy-2 pressure
tube, and B-quenched Zircaloy-2 forging materials was very similar, indicating little influence
of chemical composition or microstructure on TSS. There was a marked hysteresis between
the dissclution (TSSd) and precipitation (TSSp) témperatures, and best fit equations are pro-
vided for the two curves. .

Oxygen-strengthened TIG welded Zu'caloy-4 exhibited markedly different solubility behav-
ior to the other unirradiated materials. The oxygen addition increased the hydrogen solubility.
Two explanations have been postulated for the effect, either an increase in the matrix strength
or hydrogen trapping at the solute atoms. However, increasing the matrix strength in Zircaloy-
2 by cold working did not increase hydrogen solubility.

Zircaloy-2 and Zircaloy-4. materials, irradiated to fluences in the range 5.5 X 10% to
L0 X 10% n/cm? (E > 1 MeV) at temperatures in the range of 250 to 300°C, have higher
dissolution and precipitation solubilitiés compated to those measured on unirradiated material.
“When the irradiation damage was annealed out at 500°C, the TSS temperatures tended to be
restored to the unirradiated values. It has been hypothesized that the effect of irradiation is to
trap hydrogen at the irradiation damage sites, although a second explanation involving the
increase in matrix strength due to irradiation has also been considered.

For unirradiated Zircaloy, thermal history was found to affect TSSp but not TSSd. Increasing
the peak temperature or the hold period at peak temperature reduced the TSSp temperature.
This effect is considered due to a reduction of the “memory effect” in which preferential sites
for hydride precipitation are removed by the annealing. Heating and cooling rates over the
. ; range 0.5 to 10°C/min had. little effect on the measured dissolution and precipitation

. . temperatures. 0. -

v
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Zirconinm alloys used for nuclear core structural components can be embrittled by the
presence of hydrides. This can take the form of reduced ductility and fracture toughness
[1,2] and sub-critical crack growth mechanisms such as delayed hydride cracking and en-
vironmental fatigue crack growth [3-5]. The solubility curves for hydrogen in zirconium

A Consultant, materials consultant, and consultant, respectively, Rolls-Royce P.O. Box 2000, Derby,
Eng]and, DE21, 7XX.
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of most calorimeters and is relatively rapid compared to other solid state phase transfor-
mations. Enthalpy changes are determined by measuring the-diffgr.enﬁal heat How between
the test sample and reference, which are thermally isolated. Auxiliary heaters heat' the two
samples at a predetermined rate and maintain them at identical temper:atm.'eg The difference
in heat flow is determined by the difference in power supplied to each individual heater. The
heat flow is dependent on the enthalpy of transformation, the samlgle mass, and the ovc_zrall
reaction rate. The latter is dependent on the kinetics of the reaction and on the heating/
cooling rate. The total enthalpy is determined by integrating the heat flow over time. A Zr-
2.5Nb alloy sample with less than 2-ppm hydrogen was used as tI.m reference to cancel out
the heat-capacity effects of the matrix and maximize the differential nature of the measure-
ment. Prior to, during, and after DSC testing, a number of calibrations were pefformgd using
a triple metal standard whose melting points and enthalpies are well known. The finite heat
transfer characteristics of the DSC cell and the thermal mass of the sample cause the sample
temperature to lag behind the measured temperatore. When the c.:alculated thermal 1ag was
small (about 0.2°C), the correction was ignored since other expcnmcnt?.l factors outweighed
it, However, when the thermal lag was larger (about 1°C), a correction was made to the
calculated TSS temperature. For the range of test temperatures in this study, the accuracy of
the DSC technique is +2°C. o

Figure 1 illustrates a typical analysis of DSC heat flow and denvauvz? heat flow curves
on heating. The heat flow decreases with increasing temperature as heat is absorbed by the
sample to dissolve hydrides. Once the last hydrides dissolve, the heat absorbed is no longer
required and the curve swings upward: This discontinuity in the heat flow curve can be used
to define TSS for different levels of bulk hydrogen. The drop in heat flow and the sharpness
of the discontinuity increase with increasing hydrogen levels. Analysis yields threae temper-
atures: a peak temperature (262:7°C in Fig. 1), a completion temperatare (300.5 ‘C), and a
maximum slope temperature (284.8°C). The peak temperature represents the maximum de-
viation of the heat flow along a perpendicular to the interpolated baseline of the heat flow

alloys are therefore important parameters as they define the conditions under which hydrides
are present. The terminal solid solubility (TSS) dissolution curve defines the temperature
. (TSSd) and hydrogen concentration conditions for dissolution of hydrides on warmup. Thi
precipitation curve defines the temperature (TSSp) and hydrogen concentration conditions
for hydride precipitation on cooldown. . o ™

A literature review has revealed considerable scatter in published TSS data for zirconium
and its alloys. This can be attributed partly to the variety of experimental techniques used;
such as diffusion gradients [6-8], dialometry [9,10], calorimetry [11], pressm'e-compositid
temperature relationships [9,/2-I4],. internal friction [15-17], dynamic elastic modulus
[11,17,18], metallography [19], Tesistivity [20), and neutron diffraction [21]. Most measure-
ments have been made at temperatures above 300°C and only for the dissolution solubility.
Less experimental data exist for the precipitation solubility, although data that do exist for
Zircaloy show a marked difference (hysteresis) between the two solvii [9,10].

The inadequacies of the existing TSS database, and the concern over extrapolating high-
temperature TSS measurements into the operating temperature region of nuclear reactor core
components, meant there was a need to generate accurate TSS data on unirradiated and
irradiated Zircaloy, The results of an experimental program to meet this need are presented
in this paper.. . -

TSS curves were generated for unirradiated zirconium alloys hydrided to hydrogen levels
in the range 6 to 77 ppm. The materials tested included upirradiated electron beart (EB)
welded Zircaloy-2, EB welded Zircaloy-4, Zircaloy-2 pressure tube, cold-worked B-quenched
Zircaloy-2 forging, and oxygen-strengthened TIG welded Zircaloy-4, as well as irradiated
EB welded Zircaloy-2 and Zircaloy-4, and Zircaloy-2 pressure tube. The TSS data were
generated using a differential scanning calorimetry (DSC) technique. The tests allowed the
effects of composition, microstructure, cold work, strength, and neutron irradiation on TSS
to be investigated. The effects of thermal history on TSSp and TSSd were also ‘investigated
by varying the heating/cooling rates, the peak temperature reached before cooling, and the
hold time at peak temperature. S

Physical mechanisms have been proposed to explain the measured shifts in the solubility
limit of hydrogen in irradiated Zircalgy that were observed in the DSC experiments seported
here. The two main mechanisms proposed, irradiation trapping and yield strength effects,
have been examined and the findings discussed together with the experimental data,
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Differential Scanning Calorimetry

By . - c.
The DSC technique was selected for this study because it is simple, relatively fast, and
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gives good reproducibility. Effects of material inhomogeneity are minimized becanse only .
small samples, typically weighting 300 mg, are tested. DSC is nondestructive, so repeat test -0.16 pt ezl s
runs on the same sample can be carried out. The technique is sensitive at low hydrogen
levels, and TSSd has been measured for samples containing less than 10 ppm hydrogen. .0‘131 -0.004
DSC has been used previously to measure the TSS of small irradiated samples removed 284810 |
from CANDU pressure tubes [22]. - : : j Heating Run 3 Peak Height

The operation of a differential ‘scanning calorimeter is based on the measurement of the V0F  somple Zr2-22W 262.72G Maximum Slope [
thermal response of a sample compared to a reference when the two are heated uniformly 1 46 ppm -0.1184MW Temperature -6006
at a constant rate. Heat capacity is the usual property determined by measuring the changes '°‘2250 10 . 10 200 250 80 3880
in enthalpy in the sample. Enthalpy changes are often the result of phase transformations, . C
and the dissolution and precipitation of zirconium hydride is a transformation that ‘can be Tormperature (©)

studied by DSC. This transformation oceurs over a temperature range within the capabilities FIG. 1—Typical DSC heat flow and derivative curves for a heating cycle.
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curve. The completion temperature is the temperature at which the interpolated baseline and
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0.012
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the average dissolution discontinuity tangent intersect. Both these temperatures are sensitive
to the characteristics of the interpolated baseline, which is assumed to be linear, but can
exhibit curvature. The maximum slope temperature, which is derived from the maximum:of.
the derivative heat flow curve, is not affected by the subjective nature of the interpolated
baseline and has traditionally been used to define TSSd: In the idealized case, completiond
of hydride dissolution is marked by a sharp discontinuity, and -the peak temperature, com-=
pletion temperature, and maximum slope temperature would be identical. However, due to
calorimeter response and hydride dissolution behavior, this ideal case is never realized.
Khatamian and Ling [23] have suggested recently that the peak temperature best represents
TSSd for zirconium. Their justification is based on a better correlation between TSSd defined. -
by peak temperature (rather than the maximum slope temperature) and the results obtained -
by Keams [6] for unalloyed zirconium. The same comparison has been made for data re-
ported in this paper, see -Fig. 2. Although Kearns’ relationship for the Zircaloys lies closer
to the peak temperature than the maximum slope temperature, the correlation is not exact:
Also included in Fig. 2 are the diffusion annealing temperatures used to hydride the samples
tested. During hydriding, an equilibrium couple is set up between the Zircaloy with a low-
hydrogen concentration and the hydride layer. As diffusion annealing establishes an equilib-

0.1
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rium between hydrogen in solid solution and hydrides at a given temperature,.the diffusion
annealing temperature represents the equilibrium TSSd. The almost exact correlation between.
the diffusion annealing temperatures and the maximum slope temperatures derived from the
DSC measurements indicate that, for the materials studied in this work, the maximum slope
temperature best represents the temperature for complete hydride dissolution (TSSd).

The analysis of the heat flow curves on cooling is similar to the heating cycle analysis
and is shown in Fig. 3. The major difference is that the curves are inverted and the maximuom.

slope temperature, used to define TSSp, falls between the onset temperature and the peak
temperature.

-0.1
80

welded Zircaloy-2 and Zircaloy-4 plates had been o )

763?5: fﬁir welding. The %’ircaloy-z pressure tube had been extruded at 830°C, drawn (with
d at 400°C for 5 h, and then honed. The oXygen-
depositing bead-on-plate TIG welds on a Zir-
0.75 vol% oxygen/argon mixture. The oxygen
the range 2540 to 2860 ppm, which compares

intermediate anneals at 600°C), stress relieve
strengthened material had been prodtlc.ed by
caloy-4 plate with a cover gas contaimng 2
content of the-welds was determined to be in

180 230 280
Temperature )
FIG. 3—Typical DSC heat flow and derivative curves for a cooling cycle.
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TABLE 1—Room temperature yield strength of materials tested.

Material Yield Strength, MPa Hydm}-%;gﬁ?igl:;;?jm ©

Zfré:]z;lcgrjdgd 4 380430 6
~ e e oo N
o o 8

B-quenched forging ¢
Zircalqy-Z B~quenched 530--581
s % 7

irradiated B 120
Ziri;z:giya-tigrcsme tube 730-790 75

one direction only. TSS measurements were also made after a 550°C stress relief, which was

intended to remove the effects of the cold work but leave the strong texture unaltered.

Specimens were machined from irradiated Zircalo i
ens W y-2 and Zircaloy-4 ner i
had been irradiated to a fluence range of 5.5 X 10 10 1.0 x 10> vyt;/czcx::g-mgoie?&Mzgli

temperatures in the range 250 to 300°C.

Hydriding

Test samples were hydrided by electrolytically depositing a surface hydride layer and then

annealing to diffuse the hydrogen from the sucface layer into the metal. Electrolytic hydriding

was typically carried out in a bath of 0.1 M sulfuric acid at 90°C, using a cntrrent density of

100 to 120 mA/cm? for 72 h or less. The uali ?
] A of the hydri ] metal
log'lf;ph_xc;llydand was approximately 0.03 rgm tht}ilck_ ® hydde Jayer was checked meal-
e individual welds and base plate materials were annealed at di :
) i : ) at different terapi res 4
times to give estimated concentrations of 20, 30, 40, 50, 60, and 80-pp{r3m hyﬁ;;mgsm?;g

f:llsl;i:cll if;qltlhaetes to thlzl equilibrium TSS. The Kearns® TSSd equation for Zircaloy was used
annealing temperature required to obtain the tareet - Fati
annealing times were selected to give saturation thro e thickness. aiheath o
ing t ugh the sample thickness, althy thr
annealing times for the cold-rolled materi inimi o ot e
o cold oy oy the cold material were minimized so as not to affect the degree
coﬁiﬂ éagncahngél the suzfz}ce l}ydn‘dc layers were removed by grinding. Apart from the
codroll Dx;:éten alnd the Irradiated material, the samples were then homogenized at 400°C
for 4 bor:h x samples, measuring approximately 5 by 5 by 0.4 mm, were then removed
teom bolh 1 L; eaast-i;ecelvgd a;:d hydqded coupons using a slow-speed cutting wheel in order
oo g and cold working of the specimen surface, both of which could affect
Irradiated Zircaloy-2 samples were initialt i i
i 0y-2 ¢ y hydrided by diffusion annealing at 256°C
r:&:;h(;fb??;eg c;rg unirtadiated material TSS data, would be expected to result inga hydzgtygoeqn
ppm. However, measurements revealed a hydrogen level of 43 to 48 ppm
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This -observation of different hydriding behavior is significant, as it provides independent

support to the different solubility curves measured for the irradiated. material (see later).
Additional tests were carried out on irradiated samples with as-received hydrogen levels
(Table 1) and hydrided to nominal hydrogen levels of 25, 35, and 35 ppm.

&
§

Experimental Procedures

The first set of TSS tests was carried out on the vnirradiated EB weld, cold-worked
pressure tube, and oxygen-strengthened materials, using a heating and cooling rate of 2°C/
min. Specimens were heated in inert gas to 30°C above their predicted TSSd temperature
and immediately cooled. Each specimen was given four identical thermal cycles, but only
the data from the last three cycles were used to determine mean TSSd values. The first
heating cycle may not produce reliable TSSd temperature data due to the unknown prior
thermal history of the sample, and it is standard procedure to disregard the first heating cycle
in determining TSSd. The first cooling run is used to determine TSSp because the relevant
prior thermal history is known. : . ’

TSS tests were carried out on cold-worked material as described above, except a cooling
rate of 10°C/min was vsed. After the initial DSC measurements on the 0 and 30% cold-
rolled materials, the samples were annealed at 550°C for 1 b, and the experiments were
repeated. '

A series of tests were also carried out to determine the effects of thermal history on TSS.
The tests included varying the peak temperature, the hold time at peak temperature, and the
heatup and cooldown rates. The tests were performed on the same two samples of unirra-
diated EB welded Zircaloy-2, containing 25 and 46 ppm hydrogen, so that the results could
be compared. The test conditions were as follows:

@ A heating/cooling rate of 2°C/min to peak temperatures of 310, 350, and 400°C. The
thermal cycle did not include a hold period at these peak temperatures.

© A heating/cooling rate of 2°C/min to peak teruperatures of 350 and 400°C with hold
periods of either 1 h or 24 h at the peak temperature.

¢ Identical (balanced) heating and cooling rates of 0.5, 5, or 10°C/min with no hold at
peak temperature. The data could be compared directly to that obtained at 2°C/min.

® Dissimilar (imbalanced) heating (0.5 and 10°C/min) and cooling rates (10 and 0.5°C/
min) were used on the specimen containing 25 ppm hydrogen. There was no hold at
the peak temiperature of 290°C.

The DSC procedures used for these tests were similar to those used for the first set of
TSS tests. However, because of the varying thermal history of the tests, it was necessary to
carry out a full enthalpy and temperature calibration at each heating rate.

Tests on irradiated material were carried out at two laboratories using procedures similar
to those for unirradiated material. Comparative tests between the two laboratories on two
unirradiated sample demonstrated good interlaboratory agreement. Repeat tests on irradiated
material were initially carried out at heating and cooling rates of 2 and 10°C/min. As there
was no significant difference in the TSS data, all other tests were carried out at a rate of
10°C/min. Specimens were heated to at least 30°C above the predicted unirradiated material
TSSd temperature. .

Following the initial DSC runs, all of the irradiated samples were given a 500°C anneal
for 1 h in the calorimeter to remove the irradiation damage and hardening. The measurement
of TSS was then repeated by cycling to the same peak temperature at the same heating and

cooling rate.
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The hydrogen concentrations in the DSC samples were determined using hot vacuum
extraction mass spectrometry. The sample is heated in a quartz tube to 1100°C under a
vacuum of 3 X 1072 torr, and the extracted hydrogen is transferred to a mass spectrometer
for isotopic analysis. The accuracy of the measurements was within 5 to 6% at the 2 sigma
level for the size of sample and concentration ranges being measured.

Results
Unirradiated Material TSS Results

The TSS results for the EB welded Zircaloy-2, EB welded Zircaloy-4, and Zircaloy-2
pressure tube materials are presented graphically in Figs. 4 and 5. The data for these three
materials exhibited little scatter and formed a tight distribution, indicating little effect of
material composition or microstructure on TSS. There was a marked hysteresis between the
TSSd and TSSp curves, which equated fo a temperature difference of approximately 40°C.
The TSSd data are compared to Kearns’ mean dissolution line in Fig. 5, and it is seen that
the materials tested bad higher dissolution temperatures than predicted by the Kearns’ cor-
relation for Zircaloy [6). .

The B-quenched forging was tested in four conditions: as-received and 30% cold worked,
before and after annealing, and the results are presented graphically in Figs. 6 and 7. For
hydrogen concentrations >22 ppm, the TSS data for the four conditions were very similar,
indicating that neither cold work nor crystallographic texture have a significant effect on the
TSS in this material. The TSS data were also very similar to that obtained on the other
unirradiated materials of varying strength and texture. The data are compared to Kearns’
Zircaloy correlation in Fig. 7, and again the materials generally exhibited higher TSSd tem-
peratures than predicted by Keams. The TSS data at the very low as-received hydrogen
concentrations (especially the 7-ppm sample) indicate a shift in TSS on annealing to a higher-
solubility temperature. Whether this is a real effect of cold woik is debatable in light of
other data, and the shift could represent a higher inherent scatter in the data at low. temper-

atures and hydrogen concentrations.
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FIG. 4—T8S data for unirradiated Zicaloy—electron beam (EB) weld and pressure tube (PT).
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Apart from the data obtained at hydrogen concenﬁations' of 7 ppm or less, the TSS data
for the cold-worked material were very similar to that ob.tamed on EB welded and ;_)re_ssaxge
tube Zircaloy materials. All of the data are plotted in Fig. 8. Thc‘s‘c data were statistical i
analyzed by linear regression in order to define the mean solubility curves. In line w;:i
previous representations, an Arrhenius funtgtic;?al form was used. Data for the annealed, cold-
ircaloy-2 were not included in the fit. ] )
wo’;ﬁzdmzeuan soi,ubility curves for dissolution and precipitation are plotted with the TSS data
in Fig. 8 and are represented by the foHowing equations:
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FIG. 6—75S data for unirradiated Zircaloy-2 forging at different levels of cold work.
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In fitting the TSSp equation, the results for the lowest hydrogen concentration samples
(=7 ppm) were omitted as they deviated significantly from the Arrhenius fit (Figs. 5 and 7).

The oxygen-strengthened material exhibited a higher hydrogen solubility at a given tem-
perature compared to the other unirradiated materials tested. The data are shown plotted
against the best fit curves to the other data in Fig. 9. The results suggest that oxygen increases
the hydrogen solubility, that is, it decreased the dissolution and precipitation temperatures.
The scatter in the TSS data was larger in the oxygen-strengthened materfal compared to the
other materials tested, and the reason for this is unclear,

Thermal History TSS Results

The results of the peak temperature variation tests are shown in Fig. 10. The TSSp tem-
perature decreased with increasing peak temperature, whereas the TSSd on the second and
subsequent heating cycles was unaffected. Reduction of the TSSp temperature with increas-
ing peak temperature is considered to be due to a “memory effect” for hydride precipitation
[24-26]. Effectively, high-peak temperatures “anneal out” favorable sites (dislocation net-
works) for hydride precipitation (prior hydride precipitation sites), thereby removing the
“memory effect.”” For the 400°C peak temperature test, the TSSp temperature decreased with
each calorimeter run, suggesting some residual “memory effect” between runs and further
suggesting that a lowering of the TSSp temperature is both peak temperature and time

- dependent.

The results of the hold at peak temperature tests are shown in Fig. 11 for a peak temper-
ature of 400°C. The TSSp temperatures decreased with increasing hold time, whereas the
TSSd on the second and subsequent heating cycles was. unaffected. The tests with a peak
temperature of 350°C showed similar trends. The decrease in TSSp temperature is again
believed to be due to a reduction of the “memory effect” on hydride precipitation, which is
both time and temperature dependent. The effect of increasing the peak temperature and the
hold period was therefore 1o increase the hysteresis between TSSd and TSSp.

. 4
. ,/ /
o Sd
70 4 s .
& TSSp 7 /
7z
,E 604 Mean TSSd (Figure 8) :I
o —~ — — Mean TSSp (Figure 8) : / /
3 /
S % A
g s
] s 9
8 40 5
€ 7
S e 0 / o o/
Q Vd
£ o ) P
&% P4 v
E I’
E‘ 20 l
>
’/ /7
P
-
10 =
4 ey o
_‘_/’ \—/
GBS f———""] I
100 125 150 175 200 235 250 215 300 . @25 350 .

Temperature (C)
FIG. 9—TSS data for oxygen-strengthened Zircaloy.
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The results of the imbalanced heating/cooling rate test showed that the TSSd and TSSp
temperatures for the imbalanced rate tests were slightly higher than the balanced rate tests.
Over the range of the imbalanced heating/cooling rates used, the measured TSS varied by
no more than 6°C. :

The results of the heating and cooling rate tests are shown in Fi i
; ¢ g. 12. The effect of varyin
heating and <:oolmg° rate on TSSd and TSSp temperatures was found to be very smaﬂaeregr
the range 0.5 to 10°C/min. The TSSd and TSSp temperatures varied only by 2 to 3°C for

both the 25 and 46-ppm samples, with the faster heatin /coolin ivi i i
. > te
TSSd and slightly lower TSSp temperatures. ¢  aies glving slightly bigher

.

Irradiated Material TSS -Results

The TSS data on irradiated material were generated at two different laboratories using
different calorimeters and were found to be in good agreernent. The TSSd and TSSp results
for irradiated Zircaloy-2 and Zircaloy-4, before and after a thermal anneal, are presented in
Figs. 13 and 14, respectively. Included in these figures are the mean TSSd and TSSp curves
for unirradiated Zircaloy (Egs 1 and 2). Neutron irradiation increased the solubility of hy-
drogen in Zircaloy-2 and Zircaloy-4, or put another way, irradiation lowered the solubility
temperatures (both TSSd and TSSp) for the same bulk hydrogen concentration. There was
a marked hysteresis between the irradiated material TSSd and TSSp data, with the precipi-
tation temperature approximately 50 to 60°C lower than the dissolution temperature. The
hysteresis was larger than that measured for unirradiated material (40°C).

Annealing out the irradiation damage shifted the measured TSSd and TSSp values back
towards the unirradiated material equivalents. With the exception of the cold-worked pressure
tube material, the TSSd data after annealing fell on the unirradiated material data curve,
giving strong confirmation that the enhanced hydrogen solubilities measured for the irradiated
samples are directly related to irradiation damage. After aunealing, the TSSp data for all
irradiated materials generally fell short of the unirradiated material data curve. This is be-
lieved to be due to a dual effect of the anneal in removing both irradiation damage (acts to
increase TSSp) and hydride accommodation dislocations (acts to reduce TSSp).

Statistical analysis of the irradiated material TSS data, assuming an Arrhenius relationship
as for the unirradiated material data, was carried out. It was found that a single Arrhenius
relationship gave a good fit to the TSSd data over the complete temperature range. However,
this was not the case for the TSSp data, and the best description of the TSSp was given by
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FIG. 13—Dissolution solubility data for irradiated Zircaloy.

two regression fits, one for TSSp < 170°C and one for TSS Th wn
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where: C,, and C,, are the dissolution and precipitation hydrogen concentrations in ppm for
irradiated material, and T is the temperature in K.

Although there was a consistent effect of irradiation on TSS, there did. not appear to be
a significant effect of fluence level on the measured irradiated material TSS values within
the range of fluences tested (5.5 X 10%° to 1.0 X 10*2 n/cm? E > 1 MeV).

There was little effect of peak temperature in the range 260 to 320°C on the measured
TSSd and TSSp temperatures for irradiated Zircaloy. This is consistent with the unirradiated
material ‘data, in which an effect of peak temperature was not observed unless the peak
temperature was above 350°C. Similarly, there was little effect of heating and cooling rate

on irradiated Zircaloy TSS.

Discassion .
Unirradiated Material Behavior

The TSS data indicate litfle difference in the dissolution and precipitation behavior be-
tween the EB welded Zircaloy-2, EB welded Zircaloy-4, Zircaloy-2 pressure tube, and cold-
worked B-quenched Zircaloy-2 materials. Given the temperature uncertainty of +2°C, the 5
to 6% error in hydrogen concentrations and the line-fitting errors, any apparent differences
in the solubility lines suggested by these data are statistically insignificant. This observation
is consistent with Kearns’ assessment, which also found no significant difference in the
dissolution solubility for Zircaloy-2 and Zircaloy-4 [6]. However, the dissolution tempera-
tures measured in this study were higher than those measured by Kearns. The difference
could be attributable to differences in experimental techniques, including measurement of
hydrogen concentration. DSC is a dynamic method where the temperature must change in
order to detect TSSd, whereas Kearns used an equilibrium diffusion couple technique in
which, at equilibrium, the diffusion annealing temperature is the TSSd temperature. However,
as described previously, the DSC maximum slope temperatore was used to define TSSd, and
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lined by e mgth tend to build up' rapidly with increasing fluence an

' e y i in Zi at a fluence
tg;;:: Olg:tzofrf)tbe Yiterature indicate that {his saturation occurs in Zircaloy

evel ¢ : % 10% pjem? (E > 1 MeV) [32]. o
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this temperature closely matched the diffusion annealing temperature. Thus, the diff:
between the data reported here and that of Kearns are considered to be real.

The observation that the precipitation solubility was essentially the same for-
materials is inconsistent with the data of Slattery [70], who observed a much Iow
itation temperature for Zircaloy-2 compared to Zircaloy-4. The difference could b
different thermal histories used in Slattery’s experiments, as differing peak temperatures
hold times, and cooling rates all affect the measured TSSp value. In addition, Slattefy;
dilatometry rather than DSC for measuring TSS, which could lead to different TSS

The Arrhenius plots of the TSS data suggest that the lowest hydrogen concentratio
for the EB welded Zircaloy-2 and the cold-worked B-quenched Zircaloy-2 (and to
extent EB welded Zircaloy-4) do not follow a simple Arrhenius relationship and &xhi
higher hydrogen solubility thar extrapolation from higher concentrations would pr
behavior has been observed by Daniel [27] and Mishra and Asundi [15]. The latter
suggested that the deviation from the simple Arrhenius behavior at low hydrogen-cd;
tration may be due to the formation of the metastable gamma hydride phase in additi

the delta phase. There is also experimental evidence that, in Zr-2.5Nb, delta hydride co
to gamma hydride below 180°C [27]. TSSp and precipitation kinetics could be affédt
the different hydride phase structures that may affect precipitate accommodation i
matrix. .
The TSS of the oxygen-strengthened Zircaloy-4 TIG weld is clearly distinct from?tha
measured for the other unirradiated materials. Oxygen addition, above that typically Tl
in Zircaloy, increased the hydrogen solubility and suppressed the dissolution and pr.
temperatures. This result is contrary to the findings of Erickson and Hardie [9], who6
that the a/a + & phase boundary in zirconium was not affected by oxygen additicn
7700 ppm. There are at least two effects that could account for the different behavio
oxygen-strengthened weld. The first could be due to hydrogen trapping caused b
ditional oxygen solute atoms. The second effect could be the increase in matrix’
caused by the addition of oxygen. '
Table 1 shows that at room temperature the oxygen-strengthened material was signi
stronger than other unirradiated materials, but not as strong as the irradiation-harden
terials. However, the strength differential between the oxygen-sirengthened and
materials reduces with increasing temperature, and the diminishing strength diffé
would imply that the observed shift in TSS at higher temperature is not due t6 m
strength, and the alternative mechanism of hydrogen trapping at oxygen solute ato
favored by the authors. The lack of a significant influence of matrix strength is also indica
by the measurements made on the B-quenched Zircaloy-2 forging in the as-quenéﬁ'eﬁﬁ
30% cold-worked conditions. Although the cold-worked material was as strong as the
strengthened material at room termperature, it did not exhibit a shift in TSS.

sslocation structure, and the dislocation densitg vtvi(ll;ilz%z;dczz
1 fluences, but (¢ :
: density tends to saturate at low fluenc
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with in . v

: % 10" m™, and the
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It is clearly very difficult to elucidate the exact mechanism behind the differerits '75 - 10211n/cm;ctrh:a8ﬁ‘5t§y0?lf;2 (‘)).41’)7 X 10" m™> Tl?esc vahm:s a);eltypa;f aérg;ﬂz;
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Khatamian [28] has reported that dissolved oxygen does not trap hydrogen in Zf

. i uld be
increase in the {c) loop density WO
density. At higher fluence levels, & fuglr]g pls:srsu:c tube irradiated to a fluence of 1 %
Further work would need to be carried out in order to understand the mechanisms:h
the different TSS behavior of the oxygen-strengthened material.

oxyge;
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anneale

to be attributable to the irradiation damage. The temperature at which irradiation dang
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measurements of dislocati iti i
- cation densities for the materials tested wou1§ be needed to substantiate:
atiIt 1sd therchre. hypothesi;cd that the effect of irradiation is to trap hydrogen at the 1rrad.1
on damage sites, and t_lns trapped hydrogen is not available to contribute to the hydxid;
precipitation and dfssolutxon processes. There is a considerable amount of data on hydrogen
r;:ggﬁg att crystallmedd;fects in transition metals, and there is clear evidence for hyd.rogen
at vacancy .defects and dislocation lines in zirconium. Trap energi :
r 2 s . nergies havi [
gs;alél\lls};;;] fo;h the @p;lrtant crystalline defects. The trap depth in zircogium isglapproid:n:g;
.3 . There is also experimental evidence that the irradiation-induced mi e
» ’ . . - - » . B Crosml
;nvl;g:;z é){;irsougl;egoftxifﬁxsu;n dmg ;r;adzmon [35]. Although there is not direct cxpeﬂmzrtiutai
e trapping of hydrogen at solutes, it is considered that sol |
be xneﬁ traps. for hydroger.l and that solute-defect complexes could be strongeiotg;ss coule
o - ternative hypothesis for the shift in TSS with irradiation is that it is due o the
favorab?embl;}:gls}; sggtr;lgtg ailtzicreas:ing 1maun'xdstfrength should make hydride precipitation less
¢ ¢ and plastic deformation are required to .
substantial local volume change. Thus, hydri ipi e
: : ] : X , hydrides only precipitate, grow, and di i
junction with dislocation activity, or plastic work, i e ot Toip toeate
I A , in the surrounding matrix. Thi i
strength hypothesis and the hydrogen-trappi i S eosed, and the likely
4 -trapping hypothesis bave been assessed, and i
magnitude of any effect on the solubility limit as a S st
goitude result of a change in yield
to irradiation or oxygen strengthenin e e
: 0 tre g was found to be very small and insufficient t
ic;,rdrﬂ;zmlxézrezsc in sct)lllubﬂllty. The assessment considered the effect of a unicil"gxx'lml; a;c;;i]:;
stress on the solubility limit. At the solvus, hydrogen in solution is i ilibrium
with hydrogen in the hydride, and the chemical ks of badogen in both s v
: 3 otentials of hydrogen in both
the presence of a uniform stress, the chemical otential od S
L : potential is lowered by a term involvi
stress and the partial molar volumes of hydrogen in io in by g e
S . ! 3 solution and in hydride. However,
partial molar volumes are approximately equal, so effectively the solvus in the prese’mt:heeso;
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3. The oxygen-strengthened TIG welded Zircaloy-4 exhibited markedly different solubil-

ity behavior to the other unirradiated materials tested. The oxygen addition increased
the hydrogen solubility and suppressed the dissolution and precipitation temperatures.
This effect is considered due to hydrogen trapping by the oxygen solute.

4. Increasing the peak temperafure and/or the hold time at peak temperatuze in the thermal
cycle decreased the TSSp temperature and increased the hysteresis between TSSd and
TSSp. This is considered to be due to a reduction of the “memory effect” in which
preferential sites (dislocation networks) for bydride precipitation are removed at higher
temperatures. Heating and cooling rates over the range 0.5 to 10°C/min have litile
effect on the measured dissolution and precipitation temperatures.

5. Neutron irradiation significantly increases the solubility of hydrogen in annealed and
cold-worked Zircaloy. This was observed in both weld and parent material. No differ-
ence in the effect of irradiation on TSS was observed for fluence levels in the range
55 % 107%° t0 5.5 X 102 n/cm? (E > 1 MeV), although there is evidence of a greater

effect at higher fluence.

6. A thermal anneal to femove
to those measured on unirradiated Zircaloy,
is directly related to irradiation damage.

7. It has been hypothesized that the shift in TSS in irradiated material is due to hydrogen
trapping because the high density of isradiation-induced defects, in particuiar {a) and
{c) loops, created during {rradiation act as potent traps for hydrogen. The trap depth is
expected to be approximately 0.3 eV. Trapped hydrogen is not available to contribute
to the hydride precipitation and dissolution processes.

8. An alterpative mechanism considered for the shift in TSS with irradiation involves the
increase in matrix.strength caused by neutron irradiation. However, the absence of 8
significant effect of cold work on TSS and theoretical considerations do not appear to

the irradiation damage tended to restore the TSS values
demonstrating that the increased solubility

. . : .
Soe v s chinge Iyl stroagt by eling the st o 31010 sng e spghentins support ts hypothesis.
¢ ; g the change in yield strength as th lication
of a compressive hydrostatic stress. It was for i e duc 1o
1 ompress . und that the increase in yield
of & comp was K yield strength due to
irradiation or oxygen strengthening would have caused only a 1 to 2% change in the Acknowledgments

solubility limit. .
In contrast, the irradiation trappi ism i
[ : Mic ping mechanism is capable of producing eff
gizgg(:ogﬁgﬁd,hpﬁwmng sufficient traps can be identified. FrItJ)m cdnsileragztrf (?ffﬂtllklae
¢ r hydrogen trapping [35], it can be concluded that isol i ;
incapable of trapping the required amount of b e momt o e
incapable of ydrogen because their concentrati in;
irradiation is too low. However, if dislocation I e g
> - Ho s oops are ireated as traps, these d
%a;fj:lloeyofa tlzppuclig s;xﬁfﬁ?%lg hydrogen. Based on typical dislocation dinsiﬁzsein ?rrﬁa:ga:cel
A ap depth o eV will tr. i i i
e e sohoiity ots ?.p a sufficient quantity of hydrogen to give the

Conclusions

1. gfhag gzn’} Stlslz OX):lg;g-sierégﬂlcned material, there was no significant difference in
°r the or p behavior for the unirradiated Zircaloy materi

) %estmg little effect of rpza.terial composition or microstructure 0}1)1 TSSmlls festet svg:

. Cold work and-the’ associated increase in matrix strength level had li.ttle effect on the

‘TSS in a B-quenched Zircaloy- : .
trations. 4 , oy-2 forging material, except at low hydrogen concen-

by K. Tashiro of Ontario Hydro
to the work described in this paper is gratefully acknowledged. G. Shek and K. Tashiro of

Ontario Hydro Technologies for hydriding and
Bickle, and colleagues, Atomic Energy of Canada
ments, and hydrogen analyses.
discussion on jrradiation-trapping mechanisms.

References

The application of DSC to the measurement of TSS in zircontum alloys was developed
Technologies. In addition, the contribution of the following

DSC measurements. J. van der Kuur, G. A.
Timited, for hydtiding, DSC measure-

C. English and P. Agnew, AEA Technology, for review and

W. E, White, C. J. Charpentier, P. L., Kammenzind, B. F., and Franklin,
D. G., “Embrittlement of Reactor Core Materials,” Zirconium in the Nuclear Industry: Eleventh
International Symposium, ASTM STP 1295, E. R. Bradley and G. P. Sabol., Eds., American Society
for Testing and Materials, 1996, pp- 758-782. .
{2] Garde, A. M., Smith, G. P, and Pirek, R. C., “Effects of Hydride Precipitate Localization and
Neutron Fluence on the Ductility of Trradiated Zivcaloy-4” Zirconium in the Nuciear Industry:
Eleventh International Symposium, ASTM STP 1295, E. R. Bradley and G. P. Sabol, Eds., American

Society for Testing and Materials, 1996, pp. 407-430.

[I] Kreyns, P. H. Bourgeois,



192 ZIRCONIUM IN THE NUCLEAR INDUSTRY: TWELFTH SYMPOSIUM

[3] Puls, M. P., “Assessment of Aging of Z1-2.5Nb Pressure Tubes in CANDU Reactors,” Nuclear

Engineering and Design, Vol. 171, 1997, pp. 137-148.
[4] Cheadle, B. A., Coleman, C. E., and Ambler, J. F. R., “Prevention of Delayed Hydride Cracking

in Zirconium Alloys,” Zirconium in the Nuclear Industry: Seventh International Symposium, ASTM

STP 939, R. B. Adamson and L. F. F. Van Swam, Eds., American Society for Testing and Materials,
1987; pp. 224-240. .

[5] Gee, C. E Scott, P. M., and Truswell, A. E., “Factors Affecting Fatigue Crack Growth Rates in
Zircaloy Components in Reactor Water Environments,” Proceedings, Fourth International Sympo-
sium on Environmental Degradation of Materials in Nuclear Power Systems—Water Reactors, Jek-
yli Island, Georgia, 6-10 Aug. 1989, pp. 10-47 to 10-58. :

[6] Kearns, J. ., “Terminal Solubility and Partitioning of Hydrogen in the Alpha-Phase of Zirconium,
Zircaloy-2 and Zircaloy-4,” Journal of Nuclear Materials, Vol. 22, 1967, pp. 292-303.

[7] Sawatzky, A. and Wilkins, B. J., “Hydrogen Solubility in Zirconium Alloys Determined by Thermal
Diffusion,” Journal of Nuclear Materials, Vol. 22, 1967, pp. 304-310.

[8] Kammenzind, B. F.,, Franklin, D. G., Peters, H. R., and Duffin, W. J., “Hydrogen Pickup and
Redistribution in Alpha-Annealed Zircaloy-4,” Zirconium in the Nuclear Industry: Eleventh Inter-
national Symposium, ASTM STP 1295, E. R. Bradley and G. P. Sabol, Eds., American.Society for
Testing and Materials, 1996, pp. 338-370.

[9] Erickson, W. H. and Hardie, D., “The Influence of Alloying Elements on the Terminal Solubility
of Hydrogen in Alpha-Zirconium,” Journal of Nuclear Materials, Vol. 13, No. 2, 1964, pp. 254—
262.

[10] Slattery, G. E, “The Terminal Solubility of Hydrogen in Zirconium Alloys Between 30 and 400°C,”
Journal of Institute of Metals, Vol. 95, 1967, pp. 43-47. :

[11] Khatamian, D., Pan, Z. L.., Puls, M. P, and Cann, C. D., “Hydrogen -Solubility Limits in Excel,
an Experimental Zirconjum-based Alloy,” Journal of Alloys and Compounds, Vol. 231, 1995, pp.
488-493.

[12] Mallet, M. W. and Albrecht, W. M., “Low-Pressure Solubility and Diffusion of Hydrogen in Zir-
conium,” Journal of Electrochemical Society, Vol. 104, No. 3, March 1957, pp. 142-146.

[13] Erickson, W. H., “Hydrogen Solubility in Zirconium Alloys,” Electrochemical Technology, Vol. 4,
No. 5-6, May—June 1966.

[14] Ostberg, G., “Determination of Hydride Solubility in Alpha-Phase Zirconium, Zircaloy-2 and Zir-
caloy-4,” Journal of Nuclear Materials, Vol. 5, No. 2, 1962, pp. 208-215.

[15] Mishra, S. and Asundi, M. K., “Determination of Solid Solubility Limit of Hydrogen in Alpha-
Zirconium by Internal Friction Measurements,” Zirconium in Nuclear Applications, ASTM STP 551,
American Society for Testing and Materials, 1974, pp. 63-71. .

[16] Ritchie, I. G. and Sprungmann, K. W., “Hydride Precipitation in Zirconium Studied by Low Fre-
quency Pendulum Techniques,” Journal de Physigque, Colloque C9, Supplement 12, Tome 44, De-
cember 1983, pp. 313-318.

[17] Pan, Z. L., Ritchie, L. G., and Puls, M. P.,, “The Terminal Solid Solubility .of Hydrogen and Deu-
teriom in Zr-2.5Nb Alloys,” Journal of Nuclear Materials, Vol. 228, 1996; pp. 227-237.

[18] Ritchie, I. G. and Pan, Z. L., “Internal Friction and-Young’s Modulus Measurements in Zr-2.5Nb
Alloy Doped with Hydrogen,” M°D: Mechanics and Mechanisms gf Material Damping, ASTM STP
1169, V. K. Kinra and A. Wolfensen, Eds., American Society for Testing and Materials, 1992, pp.
385-395. ’

[19] Cann, C. D. and Atrens, A., “A Metallographic Study of the Terminal Solid Solubility of Hydrogen
in Zirconium at Low Hydrogen Concentrations,” Journal of Nuclear Materials, Vol. 88, 1980, pp.
42-50.

[20] Mishima, Y., Ishino, S., and Nakajima, S., “A Resistometric Study of the Solution and Precipitation
of Hydrides in Unalloyed Zirconium,” Journal of Nuclear Materials, Vol. 27, 1968, pp. 335-344.

[21] Root, I. H. and Fong, R. W. L., “Neutron Diffraction Study of the Precipitation and Dissolution
of I-%dréc;es in Zr-2.5Nb Pressure Tube Material,” Journal of Nuclear Materials, Vol. 232, 1996,
pp. 72-85. - : :

[22] Tashiro, K. M., “Hydrogen Measurements by Differential Scanning Calorimetry,” Ontario Hydro
Research Review, No. 8, August 1993, pp. 29-30. .

[23] Khatamian, D. and Ling, V. C., “Hydrogen Solubility Limits in «- and p-Zircomium,” Jourrial of
Alloys -and Compounds, Vols. 253254, 1997, pp. 162-166.

[24] Cameron, D. J. and Duncan, R. G., “On the Existence of a Memory Effect in Hydride Precipitation
in Cold-Worked Zr-2.5%Nb,” Journal of Nuclear Materials, Vol. 68, 1977, pp. 304-344.

[25] Carpenter, G. J. C., “The Precipitation of y-Zirconivm Hydride in Zirconium,” Acta Metallurgica,
Vol. 26, 1978, pp. 1225-1235.

McMINN ET AL. ON' SOLUBILITY OF HYDROGEN 193

{26] Carpenter; G. J. C., “The Dilatational Misfit of Zirconium Hydrides Precipitated in Zirconium,”

Journal of Nuclear Materials, Vol. 48, 1973, pp. 264-266.

[27] Daniel, A. R, “Terminal Solid Sclubility of Hydrogen in Zircaloy-2,” AECL Report 2453, Atomic

Energy of Canada Limited, June 1966.

[28) Khatamian, D., “Hydrogen Traps in the Oxide-Alloy Interface Region of Zr-Nb Alloys,” Journal

of Alloys and Compounds, Vol. 231, 1993, pp. 722-729.

[29] Howe, L. M., AECL Report 1024, CR Met-922, Atomic Energy of Canada Limited, Chalk River,

Ontario, 1960.

{30] Carpenter, G. J. C. and Watters, J. F, “Yrradiation Damage Recovery in Some Zirconium Alloys,”

Zirconium in Nuclear Applications, ASTM STP 551, American Society for Testing and Materials,
1974, pp. 400-415.

[31] Adamson, R. B., “Trradiation Growth of Zircaloy,” Zirconium in the Nuclear Industry: Third In-

ternational ‘Symposium, ASTM STP 633, American Society for Testing and Materials, 1977, pp-
326-343. :

{32] Carpenter, G. J. C. and Northwood, D. O., “The Contribution of Dislocation Loops to Radiation

Growth and Creep of Zircaloy-2,” Journal of Nuclear Materials, Vol. 56, No. 19, 1975, pp. 260—
266. . )
[33] G?'ifﬁths, M., Holt, R. A., arid Rogerson, A., “Microstructural Aspects of Accelerated_ Deformation
of Zircaloy Nuclear Reactor Components During Service,” Journal of Nuclear Materials, Vol. 225,
1995, pp. 245-258. o . e oar M
[34] Lewis, M. B., “Deuterjum-Defect Trapping in Ton-Irradiated Zirconinm,” Journal of Nuclear Ma-
terials, Vol. 125, 1984, pp. 152-159. . .
[35] Morikawa, H., “Influence of Irradiation in the Reactor on Hydrogen Diffusion in e-Zirconium,
. GKSS Report 81/E/8, GKSS-Forschurigszentrum Geesthacht GmbH, 198
[36]1 Eadie, R. L. and Coleman, C. L., “Effect of Stress on Hydride Precipitation in Zirconium-2.5%
Niobium and on Delayed Hydride Cracking,” Scripta Metallurgica, Vol. 23, 1989, pp. 1865-1870.

-~




