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Abstract

Control rod designs and materials have evolved in response to performance problems in both PWRs and BWRs.
Irradiation-assisted stress corrosion cracking (IASCC) due to absorber swelling has primarily affected BWR control rods with
B4C absorbers, but has also occurred in PWRs with Ag-In-Cd absorbers. The primary problems for some designs of PWR control
rods have been wear of the rodlets against upper internal components and swelling with tip wear and cracking. Competition
amongst vendors for supplying control rod reloads has also resulted in design improvements. This paper provides an historical
review of PWR and BWR control rod designs, their problems and remedies.

1. PRESSURIZED WATER REACTORS (PWRs)

1.1. Introduction

Vendors use different names to refer to their neutron absorbing components - Rod Cluster Control
Assembly (RCCA) by Westinghouse (W), Fragema (FGA) and Siemens/KWU; Control Rod Assembly
(CRA) by Framatome Cogema Fuels (formerly Babcock & Wilcox Fuel Company, BWFC) and Control
Element Assembly (CEA) by Combustion Engineering (ABB-CE). For simplicity in this part of the
review, one term only has been adopted for use when referring to all vendors: Control Element
Assembly (CEA).

1.2. Summary of designs

1.2.1. Introduction

The various vendors' CEA designs are reviewed in this section. Each vendor has one general
design; however, different models exist to match the various rod arrays and fuel designs. The reloading
of CEAs by one vendor in another's nuclear steam supply system (NSSS) has also produced new
designs.

1.2.2. Mechanical design

1.2.2.1. ABB-COMBUSTION ENGINEERING

The basic CEA design offered for both 14x14 and 16x16 standard lattice CE-NSSS plants are
similar with respect to the large diameter absorber rodlets or 'fingers'. In the CE fuel design, each guide
tube displaces four cell locations in the fuel lattice as opposed to a single cell as in the other vendors' fuel
designs. Typically, the CEAs have four or five fingers which are attached by a threaded joint to a central
hub or spider as illustrated in Figure la. A pin in the connection prevents rotation of the finger. The
16x16 System 80 plants (Palo Verde and Yonggwang) have a 12 finger CEA which is illustrated in
Figure lb. The fingers are attached to the spider by a bayonet-type fitting.
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The cladding and upper and lower end-fittings for all fingers are made from Inconel 625. With
some exceptions, both B4C and Ag-In-Cd absorbers are used. In the original designs for 14x14 plants, the
center finger was all B4C and the outer fingers had Ag-In-Cd in the tips with the remainder B4C. In all
replacement CEAs for 14x14 plants and original CEAs for 16x16 plants, all fingers use B4C with Ag-In-
Cd tips. One exception is an ANO-2 CEA design in which the tip of the center finger contains Inconel
625 in place of the Ag-In-Cd absorber. In another exception, the fingers of the System 80 CEAs contain
all B4C. The tip has reduced diameter pellets surrounded by a low density (-20% TD) 347 SS liner
(Feltmetal). The purpose of the Feltmetal liner is to accommodate swelling of the absorber.

1.2.2.2. FRAMATOME COGEMA FUEL (BWFC)

BWFC manufactured CEAs for its own NSSS plants as well as for Westinghouse NSSS plants.
With respect to the BWFC NSSS plants, the 15x15 plants utilize sixteen 'fingers' or rods fastened to a
central cast spider assembly. The rods are attached to the spider using a threaded nut which provides a
stiff connecting joint. The standard full length control rods in BWFC plants are 304SS clad rods with
type 304 or 308SS end plugs. The absorber material in the rods is Ag-In-Cd alloy. The designs for 15x15
plants are illustrated in Figure 2.

Full length control rods are offered with Inconel 625 cladding to reduce wear and an increased
absorber/cladding gap to reduce rod swelling. This design is designated as 'Plant Life' control rods.
More recently, two further design modifications have been offered:

• Hybrid absorbers consisting of a 36-40 inch (914-1020mm) region of Ag-In-Cd in the high
flux region of the rod and B4C pellets to reduce gas release;

• Cladding hardened with wear-resistant coatings:

304SS with Armoloy chrome plating;
Inconel 625 cladding coated with chromium carbide Cr3C2;
316SS hardened with ion-nitriding.

BWFC offers 'black' and 'grey' axial power stepping rods (APSRs) with reduced absorber
lengths. The black rod contains a 36 inch (914 mm) section of Ag-In-Cd whereas the 'gray' rod contains
a 63 inch (1600 mm) section of Inconel 600.

The CEAs offered by BWFC to Westinghouse NSSS plants contain all of the design permutations
discussed above. The principal differences are that the control rod diameter, length and location in the
fuel assembly are altered to be compatible with Westinghouse 15x15 or 17x17 fuel assemblies and
Control Rod Drive Mechanisms (CRDMs).

1.2.2.3. WESTINGHOUSE

Westinghouse manufactures control rod assemblies for their 17x17, 15x15 and 14x14 NSSS
plants. All designs are based on a central cast spider to which individual sleeves are brazed. The control
rods are attached to the sleeves. This connection of rods to the spider is common to all W CEA designs
and allows some additional flexure in the connection during operation. Mitsubishi, under a license with
Westinghouse, offers a similar product.

The standard 17x17 CEA contains twenty-four rodlets. All rodlets are clad in high purity Type
304SS and use Type 308SS end plugs. Absorber material is available in two configurations. Full length
standard rods utilize Ag-In-Cd absorber. Hybrid rods are also offered in which the lower 40 inches
(102cm) of the absorber is Ag-In-Cd and the remaining 102 inches (259cm) is B4C. The standard and
hybrid designs are shown in Figure 3.

There are 20 rodlets in the 15x15 fuel assembly array and 16 rodlets in the 14x14 array. Both
cladding and absorber material, as well as construction, are identical to the 17x17 designs offered.
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FIG. 3. Westinghouse standard and hybrid control rods
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Hybrid absorber rods are not currently manufactured for either the 14x14 or 15x15 designs. Some
hybrid absorber rods were placed in service in the early 1980's in Westinghouse 17x17 plants. In 1987,
Westinghouse introduced the Enhanced Performance Rod Cluster Control Assemblies (EP-RCCAs). The
EP-RCCAs differ from the standard control rods in the following respects:

• Hard chrome, Armoloy-coated cladding to mitigate wear;
• High purity 304SS cladding with increased resistance to irradiation assisted stress corrosion

cracking (IASCC);
• Increased diametral gap between the absorber material and the cladding in the highest

neutron flux location to accommodate absorber swelling. (See Figure 4).
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FIG. 4. Westinghouse increased gap design
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EP-RCCAs have been in service in many reactors ranging from 14x14 to 17x17 core design in
Europe and the U.S., as well as in Japan. All 14x14 and 15x15 units are considered to be low-to-
moderate wear environments. The 17x17 units are classified as Tm]d, i.e. are high wear environments,
and coincidentally all have had Hf-RCCAs replaced by the EP-RCCAs. A similarly improved control rod
design offered by Mitsubishi is operating in most Japanese PWRs.

1.2.2.4. FRAGEMA(FGA)

The CEAs in EdF's 900 and 1300 MW plants in France are similar to the W 17x17 core CEAs.
The 900 MW units have all Ag-In-Cd and the 1300 MW units have hybrid B4C/Ag-In-Cd absorbers. The
Ag-In-Cd length is 40 in. (about 1 meter) at the rodlet tip, identical to the W design.

Differences between the FGA and W are in the new Harmoni™ FGA designs:

• Type 316 L cladding tubing;
• Ion-nitrided tube surface;
• Increased Ag-In-Cd absorber-to-cladding gaps with decreased absorber diameter.

Type 316 L stainless steel has better mechanical properties, IASCC resistance, and forms better
nitride coatings than Type 304 used previously. Some BWR control rods have also switched to Type
316. The ion-nitrided tube surface provides added wear-resistance and is discussed later in this paper.
The increased absorber-clad gap is to delay mechanical interaction, clad diameter swelling and potential
cracking due to IASCC.

1.2.2.5. SIEMENS

Siemens/KWU manufactured CEAs for their standard 14x14, 15x15, 16x16 and 18x18 reactor
cores. The design of the rodlets and assemblies varies between the different plants. The layout of the
rodlets within the spider for the 18x18 fuel is shown in Figure 5. By comparison the CEA for the 15x15
fuel, which has been the subject of the most significant wear, has 16 fingers, 12 of which have one rodlet
at the end and 4 have two rodlets per finger as also shown on Figure 5.

Siemens is the only vendor that uses stabilized stainless steel cladding (Titanium stabilized type
321) and no B4C in any of their rods. The Cr3C2 coating is offered as an option for wear resistance since
the wear problem was first observed in the late 1970s, and is discussed later.

1.2.3. Nuclear design

In general, the nuclear design objectives for the control rod system of all PWR vendors are
equivalent. That is, the control rod system must compensate for the reactivity effects of the fuel and
water temperature changes that accompany power level changes over the range from full-load to no-load.
In addition, the control rod system must provide at least the minimum shutdown margin under Condition
1 events (normal operation events) and must be capable of making the core sub-critical rapidly enough to
prevent it exceeding acceptable fuel damage limits, assuming that the highest worth control rod is
withdrawn at the time of a trip.

All PWR control rod (cluster) systems whether they contain Ag-In-Cd, B4C, or combinations of
both absorbers are designed to meet the above objectives. Unlike BWR control blades, the loss of total
control rod worth (for safe shutdown) due to material irradiation is negligible, since only a small number
of control clusters (e.g. D-bank in W reactor), and part length rods (in some cases, e.g., BWFC cores)
may be in the core under normal operating conditions. There are no nuclear lifetime limits for PWR
control rods.

13



BOLT SPRING CUP

NUT SPIDER COMPRESSION SPRING

THREAD

4620

m

3720 420

short guide tubes

' o ng guide tubes

no guide tubes

15 x 15

FIG. 5. PWR RCCA and control rod for Siemens Convoy plants (18x18)



1.3. Problem areas and remedies

1.3.1. Wear

The wear of control rods by rubbing against upper internal components, specifically guide cards,
is a well known phenomenon today. Control rod wear is caused by several mechanisms. The
predominant mechanism is rodlet vibrational contact against upper internal guide cards when control
rods are parked in their fully withdrawn position. With the exception of the control rods in W control
bank D, or in the case of FGA also bank L, many utilities operate their control rods in the fully
withdrawn position during 100% reactor power operation.

Secondary mechanisms such as sliding wear and rodlet tip wear can also contribute to the
reduction of control rod lifetimes. Sliding wear occurs as a result of rodlet contact with fixed upper
internal surfaces during control rod movements into and out of the core. Tip wear occurs as result of
rodlet vibrational contact with fuel assembly guide tubes when control rods are parked in their fully
withdrawn position.

Figure 6 shows a distribution of wear patterns typical of a FGA or W CEA. The wear at the rodlet
tip is crescent-shape and is due to contact with the fuel element guide tube. The wear in the continuous
guide zone is due to stepping-induced friction and is spread axially over a fairly large span. Local
discontinuous wear can occur there also from CEAs that are relatively stationary. The wear at the tip is
against the fuel assembly guide tube and is generally crescent-shape.

Control rod clad wear can lead to clad failures and consequently to absorber leaching. Clad
failures can occur as a result of the high stresses imposed by differential pressure at localized wear scars.
The differential pressure across the clad is caused by a combination of the external reactor coolant and
internal gas pressures. These high stresses will either result in clad ovalization, which increases the
possibility of a stuck rod, or brittle fracture which can lead to a dropped rodlet. Fatigue fracture during
frequent load follow operation with rods could also occur at the wear location.

CARDS

CONTINUOUS GUIDE

FUEL ASSEMBLY

RODLET

Wear depth

FIG. 6. Typical Recorded Wearfor a Low-Mobility RCCA (Reference: Framatome)
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Absorber leaching occurs when through-wall wear exposes the absorber material of B4C control
rods to the coolant. In this configuration, leaching leads to a loss of shutdown margin. Although leaching
does not occur in control rods that utilize Ag-In-Cd as the absorber material, mechanical erosion can lead
to an introduction of undesirable isotopes into the coolant (e.g., AgHOm).

The variables that determine the amount and type of wear are:

• hydraulic forces in the upper guide structure;
• dimensions and weight of the rodlets;
• dimensions and configuration of the structure designed to guide the control rodlets;
• control rod motion related to operational mode.

All of these variables can have a significant effect on the extent, and type, of wear and account for
differences between vendors and between various plants of the same vendor.

The hydraulic forces are the most complex and difficult to characterize of all these variables. In
the W type guide structures for instance there is both downward flow from the top and upward flow from
the bottom with cross-flow in the middle, while in Siemens' plants all of the coolant is upflow. The
rodlets in W type and Siemens plants are guided by intermediate cards, while in B & W plants they are
enclosed in continuous tubes for their entire length.

1.3.2. Wear remedies: Development of wear resistant coatings

1.3.2.1. Introduction

Several options exist to reduce or eliminate wear:

• modify the hydraulics
• modify the upper internal structures
• modify the absorber rodlets to provide a wear resistant surface for Type 304 steel
• replace Type 304 with a more wear resistant material.

The easiest of these options is to put a wear-resistant coating on the rodlet surface or use a
different cladding. All of the vendors now provide improved, or enhanced designs, and to date most of
them have performed satisfactorily. A hard wear-resistant coating on the rodlet may transfer the wear
problem to the guide cards or guide tubes. Increased monitoring of the coating surfaces is needed as
coatings are introduced. Another consideration is the mechanical integrity and corrosion resistance of the
coating in the reactor. The various types of coatings are discussed below.
1.3.2.2. Chromium carbide Cr3C2

Coatings of Cr3C2 are applied either by plasma spray gun or by detonation gun (LC1C), a process
patented by Union Carbide. The carbide is in a NiCr binder and applied at a 150 °C tubing temperature.
This type of coating is favored primarily by BWFC and Siemens. The coatings used are about 40-50 um
thick. There is concern that the very hard surface of a Cr3C2 coated rod could result in increased guide
card wear (Cr3C2 is harder than chrome-plated or ion-nitrided surfaces) but early measurements in USA
after two cycles showed no evidence of this. Siemens has not detected wear or flaking in plasma-sprayed
Cr3C2 coated rods in many years of service in a lead assembly in Germany and in more than 250
accumulated cycles of lower duration on about 40 CEAs. To date Cr3C2 is the only coating which has
had no reported performance problems. Its high cost is its major disadvantage; the current process
requires that each tube be coated individually.
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1.3.2.3. Chromium plating

Two Cr-plated (Armoloy) CEAs fabricated by BWFC were irradiated in a US reactor. After one
cycle of irradiation, the maximum wear depths of 2.3 mils (58 urn) and 2.9 mils (74 urn) exceeded the
complete coating thickness of 0.05 mil (13 fim). In the next cycle standard CEAs replaced these two. The
wear in these standard CEAs were, after one cycle, 14.7 mils (370 |im) in the location where the Cr-
plated rod had 2.3 mils (58 urn), and the wear was not significant in the other location. It is not clear why
the BWFC chrome plate is not as effective as the W application (W experience is less than 0.5 mil
(13 |j.m) wear in up to three cycles). This experience led BWFC to conclude that chrome plating is not
very effective. The W EP-RCCA, described above, uses a chromium plated (Armoloy) SS 304 clad. The
nominal thickness of the plating is 0.5 mil (13 pim). The first of these rods were delivered in 1987.

1.3.2.4. Nickel plating

The Framatome tests showed that this performed well. However, nickel solution and activation in
the coolant could have a negative effect on activity transfer. This is of course true of Ni alloys for
cladding as well.

1.3.2.5. Nitriding

Nitrides are extremely hard and the commercial nitriding of stainless steel surfaces by a variety of
processes for improved wear and fatigue resistance is common. One of the potential disadvantages is
poor corrosion resistance.

The Framatome have selected the ion-nitriding process for nitrogen enrichment of the steel surface
of their Harmoni™ design CEAs. Electrical discharge in a nitrogen atmosphere produces a plasma which
depassivates and heats the surface and converts molecular nitrogen to ionic nitrogen. The nitrogen can
then diffuse into the steel surface.

The nitrogen resides interstitially in a surface layer in the range 12 to 20 urn thick (Figure 7).
Chromium nitrides (CrN or Cr2N) may form with excess nitrogen or thicker coatings (35 ]xm) and
degrade the corrosion resistance of the coating. This was a problem with earlier coatings until the
process and final product were optimized.

Ion-nitriding is performed in a furnace as shown in Figure 7. Tubes with their tips welded on are
suspended and sealed at the top in the furnace. After vacuum evacuation a mixture of nitrogen and
hydrogen is introduced and a high voltage generator (300 - 1000 volts) forms the plasma. The corrosion
resistance is closely related to the process temperature and after evaluation of several process conditions,
the current low temperature treatment was found to prevent nitride formation and also provide good
corrosion resistance.

1.3.3. Absorber swelling andlASCC

1.3.3.1. Introduction

Mechanical interaction between the absorber and the cladding, which results in cracking of the
clad, is one of the mechanisms which governs the service life of control rods. The phenomenon can
occur, in slightly different forms, with all absorber materials: Ag-In-Cd, B4C or Hf. In the case of the
first two the cause of the intergranular cracking of the clad is a combination of some or all of the
following:

• absorber 'swelling', which stresses the clad;
• clad wall thinning, due to wear;
• irradiation effects on the clad mechanical properties;
• coolant chemistry.
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The problem generally occurs in the region of highest neutron fluence, near the rod tip, which is
also vulnerable to sliding wear against the guide tube. In some instances the cracks remain hairline (i.e.
very tight) and continued operation is possible. This is particularly true of Ag-In-Cd rods. Deterioration
of the cracked condition can lead to leaching of soluble B4C into the coolant and, in severe cases, to
complete failure of the rod resulting in the loss of absorber pellets. In the case of low solubility Ag-In-
Cd, the combination of exposure of the absorber and erosion processes can result in the isotope Ag11Om

appearing as a contaminant in the primary coolant.
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The problems with Hf absorber rods fabricated by W are related to hydrogen diffusion through the
cladding wall causing primary hydriding of the Hf. The manufacture of this design has been discontinued
by W but some of the originally supplied Hf CEAs may still be operational.

1.3.3.2. Ag-In-Cd

The swelling of Ag-In-Cd is due to the transformation of indium (In) into tin (Sn) by neutron
capture. The change in chemical composition and the basic transmutations are shown in Figure 8. The
mechanism leading to IASCC clad cracking in Ag-In-Cd rodlet tips is as follows:

• Absorber - clad gap closure due to creep and slump of Ag-In-Cd under its own weight, and
compression by rodlet spring (if present);

• Increased creep rate if absorber temperature is increased;
• Swelling of Ag-In-Cd;
• After gap closure, swelling continues;
• The clad fracture strength, or ductility limit, is reached and the cladding cracks

longitudinally;
• Stresses are relieved and swelling continues.

The main operational effect of swelling is the potential interference within the dashpot region,
leading to incomplete or slow rod insertion.

2. BOILING WATER REACTORS

2.1. Introduction

The primary mechanical life limit of BWR control rods has been due to IASCC cracking of
containers for the B4C absorber. The B4C irradiation induced swelling is the source of stresses and the
coolant the source of corrosion. Stress due to crud accumulations have also contributed to IASCC.
Improved designs and materials have been introduced periodically since the discovery of the B4C
swelling problem in 1978 and the life limit of the designs has been extended. The improved mechanical
and nuclear designs and the current performance problems are discussed for the three current BWR
control rod vendors: ABBA, GE and Siemens.

2.2. Summary of designs

2.2.1. Introduction

All BWR control rods are cruciform in shape and the four wings fit between the channeled fuel
assemblies. Three types of control rods are in use:

• GE and Siemens: each of the 4 wings has 18-21 tubes filled with vibro compacted B4C
powder and bundled together using a U-shaped stainless steel sheath. The U-shaped sheaths
are welded to a center post, to a lower casting and to a handle to form the housing for the
B4C absorber rods;

• GE: the newer 'Marathon' blade wings are composed of longitudinally welded tubes with a
square outer envelope filled with encapsulated, vibratory-compacted B4C powder or Hf-
rods and sealed at the ends;

• ABB: The wings of the ABB control rods are solid pieces of stainless steel with gun-drilled
horizontal holes that are filled with B4C powder by vibratory compaction. The holes are
covered with a stainless steel bar and the wing is seal welded. The B4C columns are also
connected by a vertical gas plenum along the outer edge of each wing.
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In order to extend the mechanical lifetime of the blade, each vendor has developed hybrid
absorber control rods which use Hf in the high exposure sections and IASCC resistant steel absorber
tubes. Almost all control rods currently supplied are of this type.
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2.2.2. Mechanical design

2.2.2.1. ABB ATOM

The currently offered control rod designs are all of the general type described in the previous
section and differ primarily in the absorber design as listed below with the commercial designation in
parenthesis:

• All B4C absorber (CR-70);
• Hf rods in holes at the tip, standard diameter absorbers (CR-82);
• Same as the CR-82, but smaller diameter absorbers (CR-82M);
• Hf rods in holes at tip and plugs at rim, standard diameter absorbers (CR-85).

The designs are shown schematically in Figure 9 and the reasons for the differences discussed
below.

CR-70, the all B4C control rod, is the original supply to ABB plants. Sales of this model
essentially stopped in 1984 because it was superseded by the hybrid designs with improved mechanical
lifetimes.

The CR-82 control rod design was ABB's first progression from the basic CR-70 all B4C
containing rod. The top 152 mm (6 inches) or 22 holes of the absorber region in each of the four
absorber wings were filled with hafnium pins. The remainder of the absorber region is all B4C. As in all
the ABB control rods the four wings are a solid piece of stainless steel with gun-drilled horizontal holes
that are filled with B4C powder, by vibratory compaction. The CR-82 blade material was until recently
high purity 304L stainless steel with control of P to <0.025%, Si to <0,3%, S to <0,02%, B to <5 ppm
and C to <0,03%.

Early irradiation results indicated that further mechanical life extension would be desirable which
lead to the development of the modified CR-82, or CR-82M. The CR-82 is recommended for shutdown
rod applications. The material change from Type 304L to Type 316L stainless steel, made for the CR-
82M, has been applied to this as well as all other control rods.

The CR-82M has two features designed to extend the mechanical lifetime:

• A modified absorber configuration to minimize strain at the blade outer surface achieved
by:

smaller absorber holes;
thinner ligaments between holes;
thicker outer wall;

• more IASCC resistant steel:
Type 316L instead of high purity Type 304L (L = low carbon).

The comparison of absorber configurations is shown on Figure 10. Finite stress analysis
comparison showed a 40% decrease in strain for the modified design as shown in Figure 11. Ex-reactor
materials tests have shown that Type 316L stainless steel has better IASCC resistance than Type 304L.
The difference between the two steels is 3% molybdenum contained in Type 316.

The CR-85 control rod design has hafnium plugs at the wing tips of the horizontal absorber holes.
The remainder of those holes contain the standard vibro compacted powder. The extensive cracking
found in the initial lead assemblies was associated with secondary hydriding and swelling of the
hafnium. The CR-85 had the standard diameter absorber holes and Type 304 L structural steel. Currently
there is no further interest in this design.
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The CR-85M was then marketed as the improved version which has the same design
modifications as the CR-82M. This design has been used by Japanese utilities, however since the
absorber diameter change would require a licensing change, they opted for the standard absorber
diameter and only the material change to Type 316L steel. The design is identified as CR-85M-1.
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FIG. 9. ABB control blade types
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High worth control rod versions of the above designs have also been produced. The higher worth
is achieved by increasing the diameter and the length of the absorber holes, but at the potential cost of
higher stresses at the blade surface. With the trends in fuel development towards higher burnup, longer
cycles and higher power densities, control rods with an increased control rod worth compared with the
original equipment rods are desirable for:

• Improved shutdown margin
• Flexibility in reload pattern designs
• Possibility to extend fuel cycle length and burnup
• Operational flexibility.

CR-82 CR-82M
-i—>

CR82

Max. stress
@ Hf-hole
© B4C - hole

Geometry changes (mm)

Blade material: Type 304L SS originally

Type316LSS currently

CR82M

Reduced stress

Max.stress

Blade material: Type 316L SS originally
and currently

FIG. 10. Modifications of ABB's CR-82 control blade
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ABB control rods are called 'high worth' (HW) control rods if they have 5-15% (relative) higher
rod worth than the original equipment rods. The CR-82 HW design has a larger diameter absorber (0.217
in., 5.5 mm) and a longer length absorber (4.09 in., 103.9 mm).

(Differential gas pressure Ap=12,l MPa)
2,5c-4

-5,0c-5 -

-l,0c-4
15 20 25 30 35

distance [mm]

FIG. 11. Outer wall strain analysis

2.2.2.2. GENERAL ELECTRIC

GE produces two general types of advanced control rod designs. The first type is the Duralife
Series of control rods which primarily differ from the original equipment design by the use of low cobalt
alloys and high purity 304SS tubing. In addition, later designs in the Duralife series contain hafnium in
various high exposure portions of the rod.

The second, mechanically dissimilar design is the Marathon control blade which uses square
tubing welded to form each blade wing. Hafnium absorber is also used in high exposure regions, such as
the edge tubes, and if necessary can be added as plate material at the blade tip. Individual blade hafnium
loading may be varied with control rod requirements.

The distinguishing design features of each Duralife control blade type are summarized below:

• Duralife 120 - All B4C-absorber design utilizing high purity 304SS and non-cobalt pins and
rollers.

• Duralife 140 - All of the features of the Duralife 120 with the addition of hafnium at the top
of one absorber section.

• Duralife 160 - All of the features of the Duralife 120 with the addition of hafnium absorber
rods in the highest burnup locations (outside edge of each wing).

• Duralife 190 - All of the features of the Duralife 160 with additional hafnium absorber in
the second highest burnup location (top of each blade wing). In addition, a lighter weight
velocity limiter is also used.

• Duralife 215 - All of the features of the Duralife 190 with additional B4C absorber material
in thicker blade wings. The Duralife 215 is specifically designed for C-lattice plants.

• Duralife 230 - Similar to the Duralife 215 but designed for D-lattice (BWR 4-6) plants.
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Marathon
The Marathon control rod is a radically different concept when compared to the Duralife series.

The main difference in the Marathon control rod is the replacement of the absorber tube and sheath
arrangement with an array of square outer envelope tubes (Figure 12), which results in reduced weight
and increased absorber volume. In addition, the full length tie rod used in previously approved designs is
replaced with a tie rod segment, which also reduces weight (Figure 13). The outer corner sections of the
individual tubes are used as wear surfaces against the channels. They are fabricated from a high purity
Rad Resist Type-304 stainless steel that provides resistance to irradiation-assisted stress corrosion
cracking. Each wing is comprised of either 14 or 17 absorber tubes. If needed for enhanced life,
provision is made for the incorporation of a hafnium plate in a rectangular section (pocket) below the
handle at the top of the control rod, with the tip being variable in length dependent upon individual
customer requirements.
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FIG. 12. Internal features of the Marathon control blade (U.S. Patent 4,929,412)
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Hafnium blade
In co-operation with GE, Hitachi and Toshiba have introduced two all-hafnium absorber control

blade designs for use in BWR control cell locations. The two designs, one with Hf-plates and the other
with Hf-rods, are shown in Figures 14 and 15 respectively. With both designs, the control rod drop rate
is approximately 0.85 m/sec, or less than the maximum allowable rate of 0.95 m/sec, and the time to
90% of full-in position is approximately 2.6 seconds, or less than the maximum allowable time of 3.6
seconds.

U.S. Patent
4,929,412
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FIG. 13. Marathon control blade (U.S. Patent 4,929,412)

As with the early GE version, the plate design utilizes two hafnium plates on each face of the wing
of the cruciform blade. The absorber plates are fixed to the sheath by stainless steel pins which also
provide separation of the plates. The water-filled gap between the absorber plates forms a flux trap in
which epithermal and fast neutrons are moderated and absorbed. To save weight but provide the required
shutdown margin, four hafnium plates with different thickness are used with the plates at the top of the
blade (most likely the peak exposure location) having the maximum width of approximately (0.08 inch)
2 mm. Proceeding down the blade, the thickness is reduced in three stages to approximately (0.04 inch) 1
mm.
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In the rod-type blade, the structure is essentially identical to the B4C design (Duralife 120) with
the hafnium absorber rods replacing the B4C tubes. The absorber rods are suspended from the top of
each wing. The rods are thicker (5 mm) in the top half of the wing and thinner (3 mm) in the bottom half.
The all-hafnium designs have been in service since 1989.

Hafnium plate

Handle

Roller

Blade

Sheath

Tie rod Sheath Hafnium plate

_L=L

Pin

Section A-A

\
Water gap

Velocity limiter

Socket

FIG. 14. Plate type Hafnium control blade

2.2.2.3. SIEMENS

The Siemens Hybrid 4 control rod design is similar to the Duralife type GE control rods. The
earlier Hybrid 1 design had Hf edge rods only. There has been no change in the design of these rods as
Siemens no longer manufactures BWR control rods.

2.2.3. Nuclear design

The key nuclear criterion governing the nuclear design of a core's worth of BWR control blades is
the cold shutdown margin specified in the Technical Specification, with the most worthy blade stuck out
of the core at any point in a fuel cycle. A second criterion for replacement blades is to maintain or
improve the scram reactivity function as defined by the Technical Specifications. Meeting the scram
reactivity criterion is primarily a mechanical design concern (blade weight) since blades are generally
designed to have a reactivity hold down characteristic at least equivalent to those they are replacing.
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FIG. 15. Rod type Hafnium control blade

BWR control blades normally operate in the core for a good portion of their history and therefore
the absorber material is subject to depletion, and loss of worth. The end of nuclear life is defined as a
10% relative reduction in cold reactivity worth in any highest exposed axial quarter segment. The
relative worth reduction is taken from the cold initial worth of the control blade design. The 10% value
most probably evolved from use in conservative core design analysis. In BWRs a significant axial
segment is defined as a quarter axial segment (generally the top quarter controls). In GE and Siemens
plants the quarter axial segment criterion is also compatible with the original plant process computer
tracking the control rod fluence. In modern process computer systems the control rod tip is also tracked
for fully withdrawn control rods.

Worth reduction and quarter segment average depletion are determined through detailed neutronic
analysis of a blade as mechanically designed. If Hf is present in the blade design, an equivalent average
depletion expressed in terms of 10B, is used:

Equivalent Avg. Depletion = Total absorptions in B^C + Hf
Total Boron atoms if entire blade were B4C
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This allows the plant process computer control blade tracking to be used directly with multiple
absorber control blade designs.

BWR control blades generally can be designed with extended nuclear life (more snvt1 to reach
10% worth loss) by increasing the number of absorber atoms per unit volume. If this is done by
increasing the absorber surface density (absorber surface per unit volume of absorber), initial worth will
increase, so that lifetime increases could be limited by the 'matched worth' criteria if applicable.

3.3. Problem areas and remedies

3.3.1. B4C swelling and irradiated assisted stress corrosion cracking

The B10 isotope in boron carbide (B4C) reacts with neutrons to form He and Li in equal
proportions. As an example 30% B10 depletion produces 3 w/o Li. The B4C lattice accommodates the He
and Li, but bulk swelling of the B4C occurs as a result as shown in Figure 16. The B4C has good high
temperature strength, and since it operates at relatively low temperatures, the swelling results in
significant stresses in the B4C container. In addition a portion of the He is released producing additional
gas pressure as depicted in Figure 17. The combination of these stresses with the oxygenated coolant and
irradiation result in the irradiation assisted stress corrosion cracking (IASCC) of the stainless steel
container. The B4C is slowly washed out through the crack by the coolant.

The effect was first discovered during the examination of GE blades from a German BWR in 1978
and since then has been established as the mechanical life limit of BWR blades. The development of
improved blades focused on better IASCC resistant steels and alloys as well as substitution of the much
lower swelling rate Hf for B4C.

3.3.1.1. ABB remedies

For mechanical life extension ABB is relying primarily on the current improved features of:

• smaller, more closely spaced absorber holes to reduce blade surface stresses
• Type 316 L steel for improved IASCC resistance.

More advanced remedies are being irradiated in assemblies to test high density (99% of
theoretical) B4C pellets as a substitute for powder.

ABB believes that standard Type 316 is satisfactory to 9x1021 nvt, which is beyond the nuclear
life of 6xlO21 nvt. Nevertheless, a testing program was initiated on high purity versions of Type 316 as
well as various heats of the same composition. Grain boundary segregation has been studied for evidence
of embrittling elements Fe, Cr, Ni, Mo, Si, O, S, and P. Work on Type 304 has shown the presence of Ni,
S, and P peaks, as well as Cr depletion, at the grain boundaries. The latter effect is believed to accelerate
IASCC.

3.3.1.2. GE remedies

Substitution of Hf for B4C in high exposure positions in the Duralife series eliminates some of the
B4C swelling. This also extends nuclear lifetime. In addition, encapsulating the B4C in the Marathon
design reduces the impact of B4C swelling on the square tubes. Increased void volume in the square
tubes of the Marathon design accommodates B4C gas release at higher exposure. Substituting Hf for B4C
obviously reduces the problems associated with B4C.

snvt - smeared thermal neutron fluence based on the exposure of the four fuel assemblies adjacent to the control blade of
interest, units of 1021 n/cm2
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Crevice corrosion was believed to be the cause of cracking in original GE control blade designs,
because a relatively stagnant crevice is formed in the space between the sheath and the handle. In
combination with a relatively high impurity content in the coolant, the concentration factor in the crevice
will accelerate corrosion. Subsequently GE revised all of their designs to eliminate locations with
stagnant coolant by the modification and addition of flow holes near the sheath-to-handle weld, as well
as modifying the top weld configuration. Modified lead control rods have been operating since 1986 and
these changes have largely eliminated the crevice corrosion problem.
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FIG. 16. ABB-Atom helium release and control blade pressure data (Reference: ABB)
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FIG. 17. Helium migration in BJ2 (Reference: ABB)
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