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1.0 INTRODUCTION

River Bend Nuclear Station (RBNS) purchased and installed ten (10) carbon steel Tricentric®

butterfly motor operated valves (MOVs) ranging in size from 8, 18 and 30 inches diameter in the

Class 3 service water system piping. An additional six (6) 12-inch diameter valves were not

installed but stored in the warehouse - one of which was destructively tested in this evaluation.

All of the valve bodies are SA-216 WCB cast carbon steel and the ring seats are cut from SA-

240 Type 316-L stainless steel plate material. The rings are joined to the valve body using a two

pass minimum stainless steel fillet weld (one on each side of the ring seat) using SFA 5.4 E-309L

stainless steel electrodes. The shielded metal arc welding (SMAW) process was used for these

valves [1].

River Bend Work Order documents were examined and it was determined that the original "B"

Valves were replaced in October 2001, and the "A" valves were replaced in March 2003. See

Table 1-1 for the valve locations. The River Bend data base for the valve replacement project

indicated that the valves were replaced because they exhibited unacceptable seat leakage. The

original valves were "Jamesbury" soft-seated "limit close quarter turn" butterfly valves. This

valve model was obsolete at the time of replacement and the manufacturer stated that the soft

seats had an anticipated life limited to ten years [2]. The replacement valves have been

functioning satisfactorily for about a decade of operation.

In May 2011, Entergy received a letter from Weir Valves and Controls [3] indicating that during

fabrication the welding process used to attach the stainless steel (P-Number 8) seats to carbon

steel (P-Number 1) bodies did not fully comply with American Society for Mechanical

Engineers (ASME) Code regarding exemptions to post weld heat treatment (PWHT).

Specifically, Section III Section ND Class III Components, Table ND-4622.7(b)-1 provides

exemptions to PWHT for fillet welds so long as certain requirements are met regarding material,

carbon content, thickness, and preheat temperature. The condition noted was that the base

material was not preheated to 200'F (minimum) for applying the valve seat fillet weld.

Weir Valves and Controls performed a series of tests to provide the technical data they felt were

needed to support and justify a new ASME Section III code case. (N-804 "Alternative Preheat

Temperature for Austenitic Welds in P-No. I Material without PWHT"). Note: Code Case N-
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804 was approved by ASME, but has not been accepted by the US Nuclear Regulatory

Commission (NRC).

River Bend Station prepared and submitted a Relief Request to the USNRC requesting relief

from PWHT for these valve seat fillet welds based on 1) the newly developed Code Case N-804,

2) the supporting information provided in the technical basis document for the code case, and 3)

the hardship involved in removing the installed valves for PWHT or replacement [ 1 ]. A

conference call was held with several members of the NRC technical review team to discuss

technical issues and concerns. Key issues included use of the new ASME Code Case N-804

because that code case has not been approved by the NRC and the fact that the "White Paper"

used to support the code case was based solely on test results generated using wrought material

instead of cast carbon steel. In addition, two Weir production valve tests were shown in the

summary table that displayed high HAZ hardness. Note: Weir has indicated that these results

wverefonom tests on 8-inch buttetfly valves of the same geometry but were manufactured of SA-

516-70plate material and not SA-216 WCB carbon steelcastings [4]. As a result River Bend

management decided to withdraw the Relief Request and redraft a new request that is focused on

the continued use of the installed valves instead of relying on the new generic application of

ASME Section III Code Case N-804.

A new technical justification will be prepared based on the following approach:

1. Discussion of the metallurgy of the dissimilar metal heat affected zone (HAZ) properties

with and without preheat expected with these castings,

2. Presentation and discussion of new test results featuring the evaluation of a representative

production cast valve body material, and

3. A brief discussion of the relationship to technical information previously submitted and

documented in ML12082A186 available in the NRC Document Reading Room.

The new technical basis for the relief request will feature metallography and test results

measured on samples removed from a production valve of this same lot. The valve identified as

"1-50472-B" (Name plate shown in Figure 1-1) is a 12-inch Weir Tricentric® Butterfly valve

taken from River Bend inventory. Note that Atwood & Morrill shown on the nameplate is one of

the Weir Group companies. Figure 1-2 shows an overall view of the test valve with the disc
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closed, and Figure 1-3 displays the reverse side of the valve with the disc opened. Portions of

one of the two ring seat fillet welds can be seen in both views.

The testing included metallography, hardness mapping, and Automated Ball Indenter (ABI)

testing. In addition to the as-received condition, additional test welds were prepared to examine

effects of preheating and for multiple pass welding. All testing focused on E-309-L fillet welds

joining the SA240 Type 316-L stainless steel ring seat to the SA-216 WCB casting valve body

material so that the test weld data would be directly applicable. Arrangements were made for

EPRI to support the required welding, metallography and hardness mapping evaluations and to

provide technical support on the project at the direction of Mr. Joe Weicks (Entergy Corporate)

for use of EPRI Welding and Repair Technology Center (WRTC) Subscriber Requested

Assistance (SRA) funding to cover this support. The ABI testing was performed by ABI

Services, LLC of Oak Ridge, Tennessee at their facility.

Figure 1 - I Name Plate for the Test Valve
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Figure 1 - 2 Overview of Test Valve Showing the Disc Closed

Figure 1 - 3 Reverse View of the Test Valve showing the Disc Opened
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2.0 EXECUTIVE SUMMARY

Multiple sizes of Weir Tricentric® Butterfly Valves are installed in Class 3 service water piping

at the River Bend Nuclear Station. It has been verified that the ASME Code requires a 200'F

preheat for welding the cast carbon steel valve bodies in order to exempt the stainless steel seat

fillet welds from post weld heat treatment (PWHT).

A study has been conducted that examines the material chemistries, the likelihood for forming

brittle transformation products, the weld heat affected zone metallurgy, the stress analysis of the

valves for limiting conditions, welding procedure and techniques, hardness mapping, and

Automated Ball Indenter (ABI) testing for mechanical properties plus estimates of fracture

toughness of the HAZ material. The results of the study support the notion that the valve body

HAZs provide sufficient ductility and toughness to perform satisfactorily without PWHT even

though the welding preheat requirement was not met.

The studies show that it is not unusual to find localized hard spots in carbon steel heat affected

zones. The manner in which the weld beads are placed and the material compositions are

important factors influencing the likelihood for these hard spots. The good news is that the sizes

of these hard spots are small based on the test results of this study. In addition, testing clearly

showed that the hard spots were completely surrounded by softer (more ductile) material. This

condition tends to minimize influence of the hard spots.

The stresses associated with the valve seats were analyzed by the supplier. Results show that

even the highest stresses are well below allowable stresses for the materials used. Stresses also

demonstrated that the most likely fracture path would be parallel to the weld fusion line and this

path does not result in a breach of the valve body wall. Instead a fracture would simply develop

a potential leak path under the seal ring. Therefore, the consequences of the most likely failure

path would require breaching fillet welds on both sides of the seal ring to result in a leak and the

leaking volume would be small. Augmented inspection of the inside of the valves is not

recommended due to the hardship of implementation and the small chance for this happening.
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Further the lack of a viable failure path to the outer surface would limit the value for an

augmented inspection of the outer valve surfaces.
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3.0 TECHNICAL APPROACH

The first step was to collect and study available information regarding the manufacturing and

installation of the service water butterfly valves in question. The governing codes were

examined and requirements identified. Materials records were examined and summarized. Since

the hardenability of the weld heat affected zones (HAZ) is important to be able to assess

microstructures and properties, the Certified Materials Test Reports (CMTR) were assembled

from the records and the Carbon Equivalencies (CEEq) were computed. Next the spare valves of

this type (from the same supplier) were evaluated to select one for destructive testing. A spare

12-inch valve (Serial Number 1-50472-B) was selected and sent to the EPRI facility in Charlotte,

NC where arrangements had been made to characterize the valve seat fillet welds and to evaluate

the material response to welding conditions with and without the prescribed preheat temperature.

Later it was determined that an evaluation of the effects of multiple weld passes on the HAZ

microstructure and HAZ properties was needed and that was also investigated.

The initial task of the metallography was to cross-section the valve ring and body into four

quadrants so that metallurgical examinations could be made and the HAZ microstructures

documented for a production weld. Of specific importance was a determination as to whether or

not martensite was formed in the HAZ during welding. First the CEEq'S for the installed valves

were compared to the test valve. These values are reported in Appendix C (Table C- 1) for all

installed valves and for the spares stored in the warehouse. Table 3.1 also identifies the location

of each installed valve and the associated CEEq according to the International Institute of

Welding (IIW) current formula as adopted for use in Section IX of the ASME B&PV Code. The

metallography and the associated CEEq were used to assess hardenability. The reason this is

important is that the main objective of elevated temperature preheat (temperature above ambient

temperature) is to minimize the rate at which the weldment cools and specifically the carbon

steel weld HAZ. Slowing the cooling rate tends to reduce potential for martensite formation.

Martensite is a hard, low ductility phase when two conditions are present. First, low ductility

will result when sufficient carbon is available to strain the martensite lattice resulting in

distortion that inhibits deformation mechanisms. Second, tempering (carbide precipitation) must

be minimal so the carbon remains locked in the strained lattice positions. The thermodynamics
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controlling the equilibrium state fivor the combination of carbon and iron to form iron carbide

(Fe 3C) and thus reduce the strained condition of the martensite lattice. Carbon atoms locked in

the martensite lattice must diffuse for the carbide to form. This action lowers hardness and

improves ductility so that deformation can occur more easily. Elevated temperatures facilitate

carbon diffusion to support precipitation and growth of the iron carbide and this is time and

temperature dependent. Therefore, carbide precipitation or tempering tends to soften the

martensite, but more importantly, develops improved ductility.

Hardness and ductility of the martensite phase tend to trend in the opposite directions for the

reasons stated above. However, for this application toughness is the key mechanical property

and is a product of both ductility and strength. The best toughness is developed with high

strength where sufficient ductility is present to be able to form adequate crack tip plasticity. The

test information developed in this project makes use of this behavior to estimate heat affected

zone toughness. It will be shown that very little, if any, martensite is formed with these materials

because the Carbon Equivalency is so low. The metallographic evaluations of the test specimen

HAZ's nearest the weld fusion surface will consist of a phase mixture of upper bainite and lower

bainite distributed in a matrix of acicular ferrite. This phase mixture can also exhibit relatively

high hardness, but sufficient ductility is present to provide an adequate level of fracture

toughness.

The next step in the study was to measure and develop hardness maps of the HAZ for each weld

examined. This methodology is time consuming, but is an excellent tool that can be used to

accurately assess hardness variations in the HAZ and to be able to develop perspective. The

steep thermal gradient that develops across the HAZ of a weldment is significant and changes

rapidly as the welding electrode (point heat source) moves along the length to be welded. In this

case the base material is in a cast condition and will have some chemistry inhomogeneity due to

the way it solidifies, but all valve bodies are normalized at least once (heated above 1600'F for a

prescribed period of time depending on section thickness, then air cooled). This action tends to

provide some homogenization and also sets the microstructure. The effects of welding on the

resulting microstructures will be discussed in the metallurgy section. It is noted that even

wrought products are not completely homogenous but tend to be more so than casting.
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A hardness map provides a means to assess the distribution of material hardness instead of

relying on a limited number of hardness measurements. Such is the case where hardness is

measured along a prescribed linear path either along or at a fixed angle to the fusion surface.

Hardness maps are developed by measuring a large number of microhardness measurements

according to a prescribed rectangular matrix, then analyzed, grouped and plotted according to the

grouping in graphical maps (much like weather maps are developed for rain clouds or

temperatures). In addition frequency distributions can be developed to assess extent of each

hardness level instead of reporting only maximum, minimum and average. Hardness maps and

frequency distributions were prepared for all conditions examined.

Next, the valve body material was used to make additional welds to examine different welding

conditions. Figure 3-1 below shows one of the weld samples. It is noted the mockup designs

make use of a simulated stainless steel ring seat placed on material having a similar location

parallel to the original. The welding procedure is similar to the one used by Weir for

manufacturing the River Bend butterfly valves. Heat input was minimized to give a more rapid

cooling rate and was considered conservative. One of the original seat welds is visible behind

the new test weld in the photo displayed in Figure 3-1. Samples were prepared for single pass

stainless steel fillet (with and without preheat) and for double pass (2-layers) stainless steel fillets

without preheat but using two sizes of electrodes. In these latter welds no attempt was made to

control placement of the second weld bead to avoid overlap of the initial bead. The lack of bead

placement control is considered conservative, because it is possible to place the second bead so

that a portion overlaps the first bead. The bead placements used provided significant tempering

of the HAZ created by the first bead; however, locations where the second bead overlaps, fresh

transformation products can develop. This phenomenon was observed in both the hardness and

ABI testing results. 'The metallographic results on the as-received condition indicated that

modest overlap occurred at the extremity of the fillet leg on the carbon steel side. This is of little

importance on the stainless steel side since that material is single phased and does not transform

on heating or cooling as does the carbon steel.
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Table 3 - 1 Installed Tricentric® Butterfly Valves, Locations, and Carbon Equivalency

"Carbon'

'Valve Size andTag'#, Valve Applilcation•7< % Carbon Equivalency

(CE).

18" E12-MOVFO68A RHR HX SVCE WTR RTN 0.234 0.43

18" E12-MOVFO68B RHR HX SVCE WTR RTN 0.214 0.39

HPCS DG ENG WTR

8" SWP-MOV506A HEAT EXCHGR SVCE 0.209 0.40

WTR HEADER ISOL VLV

HPCS DG ENG WTR

8" SWP-MOV506B HEAT EXCHGR SVCE 0.201 0.37

WTR HEADER ISOL VLV

RX CLSD CLG WTR HT

18" SWP-MOV501A EXHGR SVCE WTR 0.209 0.40

SPLHDR ISOL VLV

RX CLSD CLG WTR HT

18" SWP-MOV501B EXHGR SVCE WTR 0.214 0.39

SPLHDR ISOL VLV

NORM SVCE WTR
18" SWP-MOV51 1A 0.209 0.40

RETURN ISOL VLV

NORM SVCE WTR
18" SWP-MOV511B 0.214 0.39

RETURN ISOL VLV

STBY CLG TOWER 1
30" SWP-MOV55A 0.192 0.37

INLET

STBY CLG TOWER 1
30" SWP-MOV55B 0.196 0.38

INLET
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Weld test samples were prepared to evaluate the following material conditions:

1. As-received

2. Single pass fillet without Code required preheat

3. Single pass fillet with Code required preheat

4. Double pass fillet without Code required preheat (using 3/32 inch dia. electrodes)

5. Double pass fillet without Code required preheat (using 3/32 and 1/8 inch dia. electrodes)

The hardness and frequency distribution maps for all tests are presented in Appendix D.

Figure 3 - 1 Test Weld Temperature Monitoring and Seat Positioning

The next step was to estimate the weld HAZ mechanical properties by using the Automated Ball

Indenter (ABI) method. Bakelite mounted samples (etched) for each weld condition (including

as-received), were taken to ABI Services, Inc. in Oak Ridge, TN for testing. The ABI test is an

instrumented ball indenter that can be positioned in the weld HAZ and provide mechanical

properties unique to the HAZ. In particular the yield strength, the ultimate strength, the flow

stress and the fracture toughness are of interest. The fracture toughness is estimated and

presented according to the fracture toughness reference temperature approach specified in ASTM

E-1921-97 for ferritic steels [5]. The ABI test has not been standardized by ASTM, but the
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usefulness of the ABI results have been documented in numerous published articles. A record of

the ABI test results on each of the material conditions is provided in Appendix E and discussed

in the body of this report. The toughness measurements are discussed and plotted in Section 4.
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4.0 RESULTS AND EVALUATION

The records for the Class 3 butterfly valves installed in the River Bend service water system have

been reviewed and confirm the Weir letter that a 200OF preheat was not used for any of the seat

ring fillet welds for the valves identified in Table 3-1 nor any of the stock valves of the same

purchase order that are stored in the River Bend warehouse that were manufactured to the same

requirements. The carbon contents are sufficiently low to meet PWHT exemption requirements

of the ASME Code but the thicknesses involved require the 200'F preheat. Therefore the PWHT

exemption requirements are not met.

The preheat deficiency does not necessarily mean that the properties developed in the fillet weld

heat affected zones (HAZ) will not meet design requirements. In fact, the specific PWHT

requirements provided in the Code are intended to be conservative, because they are generic and

deal with multiple material specifications (including product form and variations in permissible

chemistries). This aspect will be carefully examined for all of the installed valves as identified in

Table 3-1. For this reason the governing Code rules are more restrictive than may be necessary

for these applications. The Code is intended to facilitate conservative assumptions that bound all

of types of welds to join various materials having different specifications. It is noted that

Sections NB, NC, and ND (covering Classes 1, 2, and 3 components) all have similar heat

treatment rules.

The seal ring material is Type 316-L stainless steel machined from SA 240 plate and is placed in

a recessed seat of the valve body material (SA 216 WCB cast carbon steel) then fillet welded on

both sides of the ring using 309-L filler metal. In these cases the shielded metal arc welding

(SMAW) process was used with SFA 5.4 E-309-L coated electrodes. The Weir WPS, welding

procedure specification, Number 90-61-009R4 supported by the PQR, procedure qualification

record, (PQ-99- 11) were reviewed and found to be acceptable from a welding engineering

perspective. The WPS is a written document that provides direction to the welder for making

production welds in accordance with ASME Section IX and design requirements. The PQR is

the record of weld test results that qualify the welding procedure it supports. This means it is

demonstrated that a weld of acceptable quality to Section IX and design requirements can be

produced if the welding procedure is followed. It is also noted that a second gas tungsten arc
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(GTAW) procedure (Weir WPS 90-64-179R4 supported by PQR PQ-99-012) was qualified and

available for the seat fillet welds. The larger valves such as the 18 and 30-inch sizes may have

used the GTAW procedure for the tack welds and/or the root pass followed by one or more

SMAW beads to complete the fillet. The issue is that neither of the welding procedure

specifications required preheating higher than 60'F prior to welding and thus did not meet the

ASME Section III Code requirements for exemption from PWHT. Since this is a Class 3 piping

system the governing code requirements are provided in Section III Subsection ND-4600 Heat

Treatment. The detailed path to the requirements for preheat exemption is detailed in Appendix

B to this report.

The two welding procedures, cited above, require the fillet weld to be multipass - even for the

smaller valves. This means that more than one weld bead is required for all fillet welds prepared

to these procedures. The importance is that multipass welds have potential to produce beneficial

HAZ tempering to some degree. This feature helped to explain the measured hardness maps and

ABI test results on samples removed from the 12-inch test valve. Note the as-received hardness

maps [Appendix D, Pages D-3 and D-4] display results suggesting an effectively tempered

hardness behavior. The mechanical properties measured using the ABI tests also suggested an

effectively tempered behavior [Figure 4.4-2]. The use of multiple weld passes as specified in the

weld procedure to promote tempering and to help demonstrate the acceptability of the installed

valves. Because of its importance an effort was made to confirm adherence to the multipass

requirement. The manufacturer confirmed by e-mail that this is a requirement for all the fillet

welds regardless of size, and the presence of more than one weld bead is supported by

metallography in the weld cross-sections removed from the sacrificed valve as shown in the

macrograph displayed in Figure 4-1. Note that the dark feature at the carbon steel fusion line is

not a defect but is an optical effect as shown in the higher magnification view directly below of

the same area. It is clear from this cross-section that more than one weld bead is applied in this

production weld. This not considered a "temperbead" application per se because weld bead

overlap is not controlled for that purpose; however, beneficial tempering effect is substantial as

shown in the hardness maps for the as-received material condition [Appendix D, Pages D-3 and

D-4]. Also noted in Figure 4-1 are the hardness indentations used for hardness mapping

purposes. It can be seen in the macrograph that the hardness testing matrix effectively covers the

full weld heat affected zone (HAZ). These results are discussed in Section 4-2.
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Figure 4 - 1 Photomacrograph of Ring Seat Fillet Weld Cross-Section from Valve 1-50472-B

The two potential failure locations considered are 1) a tensile rupture of the fillet deposit

generally across the throat due to tensile overload (highly unlikely because the valve disc closure

produces a compressive force on the seat) [3] or 2) a separation along the HAZ of the carbon

steel just below the fusion surface (Figure 4-1). Shear loading would be required for HAZ

separation, but as will be shown later, the shear loads for these valves are low - even in the large

valves. In addition, a parallel fillet weld is placed on the other side of the valve seat ring to

prevent separation even if one HAZ location were to separate completely. Thus, the failure

consequence is a leak path around the ring seat and not a piping system structural failure.
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Hydrogen cracking was also considered as a potential mechanism, but this is highly unlikely

because the Carbon Equivalents are very low (See CEEq tabulation in Table 1-1 and the full

chemical analyses provided in Appendix C Table C - 1). These carbon equivalents are

sufficiently low so as to produce microstructures considered not at risk for hydrogen cracking. It

will be seen in the hardness maps that small localized volumes can develop hardnesses sufficient

to entertain the potential for hydrogen cracking, but the volumes are small and no indication of

hydrogen cracking was identified. Another important factor in assessing hydrogen cracking is

that a stainless steel filler material is used for the fillet weld and the path for hydrogen migration

is into the stainless steel rather than in the carbon steel. The coatings on stainless steel electrodes

used with the SMAW process are designed to be moisture resistant. This type of coating is used

on stainless steel because moisture absorption results in unacceptable porosity in stainless steel

deposits. In fact, stainless steel electrodes used with the SMAW process are considered low

hydrogen electrodes. Solid wire filler materials used with the GTAW process are inherently low

in hydrogen.

Two additional observations tend to rule out hydrogen cracking as a potential failure mechanism.

First, the deposits passed surface examination and a pressure test after manufacturing, and

second, the ten installed valves have been in-service operation for the past decade with

satisfactory performance. Thus hydrogen cracking is ruled out as a damage mechanism for the

installed valves.

As previously stated, the consequences for HAZ failures are considered to be low and the most

plausible form of degradation would manifest as small increases in leakage rates across the valve

so long as the fillet welds on both sides of the ring seat cracked. There is little potential for

leakage through the valve body associated with any degradation mechanism known to be viable.

Flange seals represent a different consideration.

4.1 Metallurgy of the Weld HAZ

The valve body materials in this evaluation are referred to as plain carbon steels having carbon

contents around 0.20% and less (one valve body has carbon content of 0.23%). Under

equilibrium conditions the compositions shown in the CMTR's produce a two-phase
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microstructure in the valve body consisting of colonies of pearlite (alternating lamellar mixture

of ferrite and Fe 3C) distributed throughout a matrix of ferrite (see Figure 4.1-1 for an example of

this type of microstructure). This microstructure will be present regardless of whether the carbon

steel material is a casting (SA 216-WCB) or a wrought product (SA 516-70). The main

difference between the two product forms is the degree of homogeneity that is present. The

solidification of carbon steel produces colonies of dendrites that consolidate during thermal

soaking at elevated temperatures. This action tends to facilitate the movement of atoms within

the structure and will result in some degree of chemical homogenization. A wrought product

receives mechanical working to help break down the cast dendritic structure and assist with

homogenization whereas the cast material does not. However, some homogenization will occur

from multiple heating and cooling cycles even in the casting. Therefore the casting will be

expected to demonstrate more variability than a wrought product on a local scale.

Figure 4.1 - 1 Equilibrium Microstructure with Ferrite Matrix with Colonies of Pearlite

Weld heat affected zones are different in that they are subject to very rapid heat and cooling

transients due to the heat developed as the welding electrode (SMAW) or torch (GMAW) melts

the material at the surface being welded. This surface is known as the fusion surface (or fusion
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line in a cross-sectional view) and develops a sharp temperature gradient from melting to the

overall temperature of the base material. The width of the temperature gradient is dependent on

the thermal conductivity of the base material and how rapidly the welding electrode or welding

torch passes along the surface. There are several distinct layers of microstructures developed

within the weld heat affected zone that depend upon the maximum temperatures reached at any

location, how rapidly that material cools, and of course the composition of the carbon steel. As a

result, the microstructures found in weld HAZ will be mixtures of phases that differ from the

equilibrium phases found in the bulk base material. Figure 4.1-2 below displays a schematic

description of a generalized fusion and weld heat affected zone. It is shown that steep thermal

gradients produce well defined zones across the weld HAZ during welding. In a heat treatable

material, such as the carbon steel used for the valve bodies, a range of microstructures will be

developed in these zones commensurate with the temperatures reached.

The Weld Zone

Weld Zone Mixed (FZ)
3500

Unmixed Zone (FZ)
Partially Melted Zone (FZ) 3000

Coarse Grain (HAZ)

Fine Grain (HAZ)

U n f e c e2000 ............. . . n ..........

a ,
I I

2 5 0 0 .................... .. .. I .. . . ....... .

I I

! I I

0 . ... I . I I I

Heat Affected Zone (HAZ) Fusion Zone (FZ)

Figure 4.1 - 2 Schematic Depiction of the Weld Heat Affected Zone

The specific phases developed in carbon steel HAZs include ferrite and pearlite (identified

above), acicular ferrite, lower bainite, upper bainite, plus coarse and fine martensite. Each of
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these phases forms by precipitation and growth kinetics except for martensite. The rates of

precipitation and growth kinetics are governed by diffusion mechanisms. The formation of

martensite is a different mechanism known as the homogeneous shear of the face centered cubic

•austenitic atomic structure into a body centered tetragonal atomic structure. This is important

because the shearing action occurs instantly and the percentage completion is dependent upon

the temperature. There is a percent (%) completion associated with martensitic transformation

that ranges from 0% martensite start (Ms) to 100% martensite finish (MF) and the temperatures

depend on the specific composition. Any portion of the austenitic phase that has not already

transformed to another phase is a candidate for martensite transformation. This is the reason that

rates of cooling are so important and why the HAZ contains a range of microstructures.

Theoretically, if an austenitic phase is cooled extremely rapidly, there will be a critical cooling

rate above which the time-dependent phase transformations do not have time to take place. In

this case the phase present will be 100% martensite so long as the material has been cooled

below the MF temperature. Cooling rates just below this critical value will produce some

percentage of other phases prior to the Ms temperature being reached. When the martensitic

transformation temperature is reached then any remaining austenite will transform to martensite,

because the martensite transformation is not time dependent and occurs nearly instantaneously.

Even slower cooling rates will develop mixtures of other phases from the austenite in lieu of

martensite. As stated above, composition of the base material will determine the cooling rates

required to form martensite. It should be noted that the rate of cooling dictates the specific time

dependent phases that form in addition to ferrite and pearlite such as acicular ferrite and various

forms of bainite. These phases are not so restrictive on ductility and thus are not considered

particularly brittle.

The overall composition and the cooling rate determine the microstructure of phase mixtures.

The use of a welding preheat is one way to slow the cooling rate and thus help minimize the

proportion of the harder and possibly more brittle phases such as martensite.

Martensite is a strong microstructure that develops a level of strength according to the

composition and particularly the amount of carbon and other atoms that reside in interstitial

locations. The reason is carbon atoms (and other interstitial atoms such as N, B, 0, etc.) can be

trapped in the martensite lattice because it forms by a homogenous shear of the austenite. Thus
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lattice strain is produced and deformation is resisted. This action makes the structure stronger

but at the expense of ductility.

The level of strength developed will be proportional to the lattice strain and thus the level of

carbon. Even if cooling is sufficient to form martensite, with low carbon levels there are a

limited number of carbon atoms to strain the lattice very much. This would describe a material

having a martensitic microstructure, but retains ductility since the lattice strain is proportional to

the carbon content. In addition if heat is applied sufficient for carbon atom mobility to occur,

then these atoms will seek iron atoms and precipitate carbides. This action minimizes the lattice

strain and thus develops ductility. Fracture toughness is a product of strength and ductility so

that when sufficient ductility is produced, the material is very tough. Thus a major goal of

tempering is to precipitate carbides in martensite to improve ductility and thus improve fracture

toughness. If tempering does not occur, then there can be a tendency to be brittle - assuming

sufficient carbon content.

Carbon equivalency, CEEq, is a tool developed by the industry to help sort material compositions

that will be likely to form the stronger and harder phases. There are numerous formulas

available that have been developed for different applications but the one adopted for welding

considerations by Section IX of the ASME Code is the IIW formula given in Article IV Welding

Data. This paragraph is as follows:

QW-403.26 An increase in the base metal carbon
equivalent using the following formula:

= Mn Cr+Mo+V Ni+CuCE = C*+6+ 5 + 15
Copied from ASME Section IX-2000

This is the formula used to compute the CEEq values reported in Table 1-1 and C-1. The

compositions displaying higher CEEq values will tend to have more sluggish diffusion rates and

the phase transformation rates that depend on diffusion (i.e. phases that precipitate) will be

slowed, thus increasing the potential to shear the austenite into martensite.

The compositions of the valve bodies suggest that the microstructures of the valve body material

HAZ due to the fillet weld will vary from the base material microstructure up to the fusion line.

The bulk base material microstructure will begin as ferrite having small colonies of pearlite. The

fine grained zones form their microstructures according to the cooling rates and the time
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available for phase growth. Next a coarse grained microstructure will begin to show acicular

ferrite mixed with lower bainite and subsequently upper bainite. Finally near the fusion line,

there may be a thin line of martensite (or local volumes) depending on the cooling rate.

Generally, it is not expected that martensite formation will be supported at these low carbon

levels (less than 0.20% C) and modest manganese (less than 1.0% Mn) and the microstructures

reported for the as-received material HAZs do not show martensite. Figure 4.1-3 is a micrograph

taken of the as-received HAZ microstructure in the cast material. This microstructure is a

mixture of acicular ferrite and bainite. Below this location a gradual mixture of ferrite and

pearlite will form eventually fading into a ferritic microstructure with pearlite colonies as

expected from the composition. Remember the CEEq for this material is 0.46 and is significantly

more hardenable than the materials installed in the service water line. The discussion of

hardness mapping in the next section will also show well controlled microstructures without

significant hard spots.

Figure 4.1 - 3 Microstructure of the As-received HAZ - No Martensite (original at 500x)
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Hardenability is a metallurgical term related to the ease with which martensite is formed. The

levels of Cr and Ni are small and do not add much to the hardenability of the valve materials. It

is recognized that the weld deposit itself is high in nickel and chromium, but there is very little

mixing of the austenitic filler metal into the surface of the carbon steel valve body, and likely has

little effect on carbon steel microstructure. The observed microstructures confirm that

conclusion. The potential for forming martensite is typically assessed using the Carbon

Equivalency or CEEq.

The computed CEEq values for the installed valve body materials are all 0.40 and lower except

for one 18-inch valve computed slightly higher at 0.43. The CEEq values for the 12-inch valves in

the warehouse are higher ranging from 0.43 to 0.51. The 12-inch valve sacrificed for destructive

testing (Serial No. 1-50472-B) had a CEEq value of 0.46 and should be slightly more hardenable

than any of the installed valves.

It is possible to form martensite in these materials so long as the cooling rate is fast enough, but

the cooling rates must be extremely rapid for martensite to form to any degree in these materials.

The microstructures formed in the as-received HAZ suggest cooling rates fast enough to form

bainite and acicular ferrite, but none sufficiently high to result in martensite. The mixtures of

acicular ferrite and bainite (upper and lower) can be hard but also displays some ductility and

thus a commensurate level of toughness is achieved.

4.2 Discussion of the Weir Test Results [1]

The test data shown in Appendix C (Table C-2) describes the HAZ behavior on SA516-70

carbon steel plate material. The CEEq for these mockup welds is quite similar to the River Bend

valve body materials, and as such will have similar transformation responses as would be

expected for SA216 WCB cast material based on composition alone - composition dominates

hardenability. There are several interesting observations in these data. First, the hardness trends

upward as the CEEq increases from 0.38 to 0.47 to 0.51. This result is expected from

metallurgical principles and is the reason for the microstructural observations of No Martensite,

No Martensite, 50% Martensite respectively. These welds display excellent C, impact energy
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and ductility measurements (assumed ambient test temperature) that improve as the CEEq is

lowered. It is noted that the average hardness reported for each weld is lower as CEEq becomes

lower.

Second, the behavior of the two 8-inch production welds produces higher hardnesses than the

other tests even at similar CEEq. Even though these mockups were manufactured using the same

SA516-70 plate material, the HAZs exhibited higher peak hardness. It was observed that

Mockups 1, 2, 3, and 4 were multipass butt welds using GTAW procedures. Mockup #2 as

identical to Mockup #1 except that 200'F preheat was applied instead of welding at ambient

temperature; however, toughness showed no improvement with preheat and hardness was not

measured in Mockup #2. It is reasoned that this behavior is due to the use of multipass butt

welds, and multipass butt welds naturally provide significant tempering of the weld HAZ

microstructures. If the last weld bead were positioned at the top of the crown and that material

subsequently removed by mechanical means, then this weld would produce results quite similar

to an intentional temperbead weld. Excellent toughness would be developed in these materials

regardless of the microstructure.

Third, the data clearly show that the HAZs in the first 4 mockup welds developed hardness levels

only marginally higher than the base material and appeared to develop acceptable ductility. The

metallography reported no martensite in Mockups 1,2, and 3 but did identify about 50%

martensite in Mockup #4 (CEEq of 0.51). Mockup #4 had the least ductility of the four mockups,

but even with its HAZ having developed an estimated 50% martensite, 30% shear was exhibited

- a condition well into the upward sweep on the toughness transition curve.

Finally, the remaining two Mockups, #5 and #6 - production 8-inch body seat ring fillet welds -

were likely welded with the same or a similar GTAW welding procedure as was available for use

with the River Bend valves and as such may have required multipass bead placements. The size

of the fillet for an 8-inch valve likely would have been limited to two beads even though the

GTAW process was used. This welding process and the use of plate material are two

documented differences between these mockups and the River Bend welds. The body material

was SA516-70 in both mockups [4], but Mockup #5 applied a 200'F preheat while #6 was

welded at ambient temperature. The CEEq for these were slightly less than for Mockup #3 but

the microstructure was identified as "martensite adjacent to the fusion line" (see Table C-2
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provided in Appendix C). The maximum hardnesses reported for the HAZ represent peak values

expected with martensite present. These maximum hardness values are consistent with the test

welds performed at EPRI using SMAW process for the conditions either with or without preheat

(see Figure 4.3-1 in the next section). This behavior is expected since the CEEq values are

similar for these welds and the EPRI mockup material. The differences seen between Mockup

#3 and the Mockup #6 (Table C-2) are attributed to the HAZ tempering resulting from the

multiple weld passes used for the butt weld. Some degree of tempering will be derived from the

two passes used in the fillet weld, but likely only reduces the peak and the frequency of high

hardness values. The installed River Bend welds should develop similar thermal transients to

those seen with the multipass welds (two or more weld passes), but the material responses likely

do not form martensite since the CEEQ representing the compositions are much lower (see Table

3-1). Mockups 1 and 2 of Table C-2 clearly show that lower CEEq base materials have a

significant tolerance to lack of preheat.

ASME Section IX butt weld qualification test records that are acceptable also qualify fillet

welds. Therefore, the more limited level of self-tempering in the HAZ produced by fillet welds

is not taken into consideration. Qualification by butt welds demonstrate that the welding

conditions are capable of producing sound welds in the tested base materials, filler materials and

the welding procedure variables.

4.3 Hardness Mapping of Valve Seat Ring Fillet Weld HAZs

Hardness mapping has been performed on the as-received material and all of the specific test

welds used to explore preheat and use of multiple weld beads. A microhardness indentation load

of 500 grams was selected to help minimize the time required to run the matrices of tests needed

to characterize the heat affected zones (8 to 10 hours per test). Appendix D summarizes all of

the hardness mapping information acquired for each of the material conditions. It can be seen

the large numbers of hardness test conducted to develop each map. Each data presentation

displays a 50x and 200x photo of the hardness indentations in each map. It can be seen that a

detailed characterization is achieved. The results are summarized by colorized ranges of
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hardness to reveal the distribution. In this way hard areas can be identified and placed into

perspective as to how much material is involved.

The valve seat ring welds were sectioned into four approximately equal segments and sections

removed from each location. Each of the sections was mounted in Bakelite, polished and etched

in standard Nital etchant to present the carbon steel HAZ microstructures. Two of these samples

were used for hardness mapping, one reserved for Automated Ball Indenter (ABI) testing, and

one reserved for metallography. The as-received maps were generated for both left and right

fillet weld HAZs for locations identified as A and C. The metallography is identified as Section

B and Section D was reserved for ABI testing (results presented and discussed in Section 4.4.

Multiple test welds were prepared to help understand the weld body HAZ behavior as affected

by welding the fillets. Initially single pass welds were applied to determine a bounding

condition. It is recognized that the production fillet welds are applied using a minimum of two

weld beads. The second bead placed over the initial bead will introduce sufficient heat to begin

tempering the HAZ microstructure developed from the initial bead. This was shown to be true in

the Weir test data and is known to be effective from practical experience. The one shortcoming

of a two bead application is that if the second weld bead flows beyond the toe of the initial bead

on the valve body side, then base metal heating will occur in that region and may create new

untempered transformation products. This type of bead placement can be seen in Figure 4-1

above for the as-received 12-inch valve. Such bead placement is less than optimum for

tempering; however, the hardness and mechanical testing reported herein clearly indicate

sufficient tempering for a reasonable level of ductility - sufficient ductility to develop toughness.

It is likely that the larger valves may have more than two weld beads in each fillet due to the

weld sizes in the 18 inch and the 30 inch valves. This could not be verified, but is a reasonable

assumption. Tempering should be improved when more than two weld beads are used because

the heat distribution should be more uniform.

The hardness results have been evaluated in several ways in an attempt to characterize the weld

behavior. It should be remembered that the CEEq for the production weld that was sacrificed for
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testing was 0.46 and much higher than any of the installed valves. Thus conservative and

bounding results are predicted for the installed valves.

The first evaluation considers overall hardness distributions presented as maximum, minimum

and average values plotted in Figure 4.3-2 with detailed numerical values for the same values

shown in Figure 4.3-3. The initial (blue) columns describe the behavior of the four as-received

hardness maps. It can be seen that one samples reached as high as 400 Hv. The rest of the

maxima are much lower. Figure 4.3-4 displays the frequency distributions of the as-received

hardness data and it is seen that only a single data point was represented as the maximum

hardness value. All remaining hardnesses were considered satisfactory and suggest ductile

conditions in the HAZ. The average hardness values were all below 240 Hv in the HAZ. One

condition that is characteristic of weld HAZs is that there is a distribution across the HAZ

suggesting that cooling rates vary sufficiently to result in different microstructures. The montage

of microstructures shown in Figure 4.3-1 below show the changes in microstructure from the

fusion line to the HAZ, to the ferrite plus pearlite colonies characteristic of the cast valve body.

The HAZ is characterized by hardness levels expected to be ductile and represent satisfactory

conditions for the intended application. It is noticed that the fillet weld of this sample did not

achieve full penetration to the root of the fillet, but does exhibit excellent fusion.
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Fillet Root

Figure 4.3 - 1 Microstructures of As-Received Weld HAZ
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Figure 4.3 - 2 HAZ Microhardness Summary, HV 0.5
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Microhardness Summary, HV 0.5

Figure 4.3 - 3 Details of the Summary Hardness Results shown in Figure 4.3-2 (above)
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The first welding experiment was to compare the HAZ developed from single bead fillet welds

with and without preheat of 200'F. It is recognized that this is a severe case because no second

bead tempering is provided. As stated previously, the base material is taken from a portion of

the valve body as shown in Figure 3-1. The overall hardness variations are shown in Figure 4.3-

2 and the detailed hardnesses are given in Figure 4.3-3. The red columns represent the preheated

condition and the green columns represent the same type weld without preheat. The hardness

maps are shown in Appendix D and the Frequency Distributions for these same welds are shown

in Figure 4.3-5 for the preheated condition and Figure 4.3-6 depicting the same weld without

preheat condition. As before the red color is used for the preheated condition and the green color

is used for the HAZ without preheat. A careful examination shows that the preheated condition

does produce a lower peak hardnesses and the average value is about 15 to 20 Hv lower than the

non-preheated condition. The hardness maps of the preheated condition display an acceptable

pattern of hardness even though a couple of spots display high hardness values. The hardness

plots of the weld HAZ without preheat show spots of high hardness; however, each of the high

hardness areas appears to be surrounded by lower hardness material.

The microstructures shown in Figures 4.3-7 and Figure 4.3-8 present the HAZ microstructures

for conditions with and without preheat respectively. Neither of these microstructures suggest

martensite is present (at least to any significant degree). The near fusion boundary of the

preheated condition is not etched very well, but the microstructure of the non-preheated material

is well defined and while no martensite is indicated, the lower magnification microstrucure

(200x) may suggest some compositional segregation. This condition may represent residual

effects from dendritic structures that formed during solidification. Without working the material

these effects may not be completely removed simply from heat treatment. Conversely the base

material microstructures appear to be quite uniform and lacking in any appearance of

segregation. Another reason for the microstructure seen is that the HAZ temperatures did not

exceed the Ac3 on heating and thus all of the HAZ did not become completely austenitized. This

condition develops a microstructure where austenite is seen only on the boundaries of the

partially austenitized material. This contition is often seen in weld HAZs and especially with

single pass welds.
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Figure 4.3 - 7 Microstructure of the Single-bead Weld with 200'F Preheat Condition

Figure 4.3 - 8 Microstructure of the Single-bead Weld without Preheat
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Finally, the last experimental condition was to explore the behavior of a two pass test weld using

this same material. The overall hardness condition for the two-pass weld HAZ is shown in

Figure 4.3-2 with details provided in Figure 4.3-3. The color for this condition is purple and this

color is carried forward into Figure 4.3-9 below for the hardness frequency distributions. A

cursory examination of the overall hardness results suggests that the behavior of the two-pass

weld without preheat is similar to the single-pass weld without preheat. Two welds were made

(CDl and CD4). The frequency distributions however, show very infrequent high hardness

conditions and the hardness maps in Appendix D clearly demonstrate that all hard spots are

completely surrounded with softer material. These data suggest that the welds would not have

brittle behavior so long as two beads are used and this is the case for all the installed valves.
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Figure 4.3 - 9 Two-Pass (without/PH) Hardness Frequency Distributions
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Figure 4.3 - 10 Microstructure of the Two Pass Fillet Weld without Preheat

Figure 4.3-10 above shows the microstructures developed with the two-bead fillet test weld. The

HAZ shown on the left is located under the initial bead and the microstructure on the right is

taken directly under the side of the second bead. The second bead HAZ seems to be more

mottled in appearance and this may be that the temperatures reached did not exceed the Ac3

boundary. In both HAZ locations there appears to be significant ferrite visible suggesting

cooling was slowed sufficiently to form a mixture of bainite and ferrite. This microstructure can

result in relatively hard spots, but is not particularly brittle. A review of the data from the

Report No. 1300615.401 RO 4-24 r Structural Integrity Associates, Jnc



hardness mapping suggests that all of the conditions explored would produce acceptable results.

Even the single pass test welds produced HAZ microstructures where the high hardness locations

were surrounded and isolated by softer and apparently more ductile material. This condition

would not be expected to behave mechanically in a brittle manner. The mechanical properties

of the HAZ will next be evaluated based on the information derived from the ABI testing of

these same HAZs.

4.4 Automated Ball Indenter HAZ Evaluations

Metallurgical mounts holding etched surfaces of each of the conditions were transported to ABI

Services a division of Advanced Technology Corporation, Inc. for the purposes of testing and

evaluating each of the HAZ conditions. Figure 4.4-1 identifies all of the samples tested and the

sample numbers assigned to each sample. Multiple indentation tests were attempted in all HAZs

and substrate material (valve body material) for the conditions identified. These conditions

included the as-received condition and individual weld studies performed to examine effects of

preheating and for multiple weld beads. Appendix E reports and tabulates all testing results

obtained from the samples. The initial testing series covered as-received and single-bead fillet

welds with and without preheating at 200'F. A complete tabulation of these results is shown in

Table E- 1. These results are considered conservative since only a single bead is used for the

fillet test welds. Subsequently, it was confirmed that the Weir Tricentric® Butterfly Valves

made use of multipass fillet welds and a second set of test welds was performed to examine the

use of different size SMAW electrodes without the application of preheat at 200'F. These results

are shown in Table E-2.

Testing is applied to the HAZ by first etching the sample to identify the HAZ location. Every

effort was made to place the test indenter as close to the fusion line as possible without touching.

In this way HAZ properties could be assessed. Placement is performed manually by adjusting

the sample mount in the fixture. This procedure gives rise to some variation in placement across

the HAZ, but valid placement is confirmed after the testing by examining the location of the

indention. The testing equipment monitors the load applied and the indention depths for a

sequence of loading and unloading along load displacement curve. Data analysis is automated

by the developer and results are detailed for each test. Results of interest in this evaluation are
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yield strength, ultimate strength and fracture toughness measured as Kj. Figure 4.4-2 below

reports the key information where ASTM E- 1921-97 [5] criteria are met for this test so that

transition temperature toughness behavior can be assessed for the testing protocol of this

evaluation. The results are displayed in the figures below. Figure 4.4-3 features data from the

As-received and Single-bead Fillet Weld tests, and Figure 4.4-4 features the 2-bead tests. The

reason for separate plots is that the plotting routine is programed to display both 5% and 95%

confidence bands to the data for each data plot. Therefore the superposition of all the data gets

confusing.

The data plots in both Figure 4.4-3 and Figure 4.4-4 suggest that all of the conditions tested

display toughness along the upsweep in toughness transition (i.e. the rapid increase in toughness

with increased temperature). This material behavior of the HAZ assures that brittle behavior will

not be present at ambient or higher temperatures for any of the conditions tested. This is

important because it confirms the hardness mapping results that suggested all hard locations

were surrounded by softer, more ductile, material. These levels of fracture toughnesses are

consistent with the microstructures shown in Section 4.3 for each material condition.

There is some separation in the results for single bead fillet welds with and without preheat. The

preheated condition is definitely improved over the no preheat, but the values shown with no

preheat do not indicate brittle behavior. The relative positions of these two measurements versus

the as-received suggest the 2-bead fillet weld is in-between the other measurements since it

receives some tempering benefit from the second bead. The single-bead results are considered

conservative for two reasons. First, the CEEq of the material used is significantly higher than

those in the installed valves and should generate harder and somewhat less ductile HAZ

microstructures. Second, the benefit of the multibead fillet weld is confirmed by comparing the

as-received toughness (no preheat) to the single-bead test fillet weld (no preheat) where an

improvement can be seen.

Finally, the 2-bead test results plotted in Figure 4.4-4 display slightly improved toughness over

the single bead (no preheat) and the as-received conditions (no preheat). The entire two-bead

test weld set also was performed without benefit of preheating. An important observation is that

all of the HAZ results are positioned on the upward trending portion of the toughness transition

curve. This trending strongly suggests ductile behavior of the weldment for application

temperatures at or near room temperature with all of the HAZ weld conditions tested.
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Sample No. Description 
Test Variables

I Sample No. I
Deseription Test Variables

I

Figure 4.4 - 1 Identification of Samples Evaluated by ABI Testing
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I B-AR-HAZ-R2 I

I AB2-HAZ-L1 I

I AR7-HAZ-R1&%R2&%R3 I

I AR?-PH-H-A7-I 19R1 I

I CD2-FNH-HAZ-L2 I

I C)D3-FNH--HAZ-L1&L2 I

I flY-FqrNH-WA7-R1XR7R I

Figure 4.4 - 2 ABI Test Results meeting Criteria for Transition Range Toughness Reference

Temperature in Ferritic Steels (ASTM E-1921-97)

Report No. 1300615.401 RO 4-28 C Structural Integrity Associates, Inc."



Fracture Toughness vs Test Temperature
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Figure 4.4 - 3 ABI Toughness for As-Received and the Single-Bead Fillet Weld Tests
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Fracture Toughness vs Test Temperature
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Figure 4.4 - 4 ABI Toughness on the Two-Bead Fillet Weld Tests
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4.5 Weir Stress Analysis Results

An analysis of the stresses on the ring seat fillet welds for the River Bend butterfly valves was

performed by Weir Valves and results provided to River Bend personnel to confirm the

statement in their letter of May 2012 that the stresses are low. The estimates are computed for a

variety of cases as shown below:

1. Valve sizes (8-150, 12-150, 18-150 and 30-150)

2. ASME Code edition (1974 w 1975 material properties and 2000 material properties
allowed) - note that allowable stresses were increased in the 2000 edition of the Code

3. Single weld analysis and double weld analysis

4. Maximum load for sizing and for maximum pressure drop across the valve

5. Closed and Open condition

Appendix A provides a summary of the Weir stress analyses. The valve parameters used in the

analyses are given in Table A-1 and the stress results are summarized in Table A-2. These

results compute the load supported by the fillet cross-section and the shear load applied at the

fusion surface where the 309-L stainless steel weld deposit joins the SA 216 WCB cast carbon

steel body material. It is noted that Weir produces similar valves that utilize wrought carbon

steel plate material (SA516-70) for the valve body instead of the cast material. These are the

loads of interest for evaluation of the HAZ behavior.

An examination of the results summarized in Table A-2 confirmed that the analyses of the closed

disc condition for the single weld (use of the allowable stresses given in 1974 with 1975

addenda ASME Code edition) produces the worst case (bounding) condition. [Note: The 1974

through 1975 ASME Code edition represent the lowest allowable stresses for these materials.]

The tabulated information given in Appendix A - Table A-2 demonstrates that the tensile loads

applied across the fillet weld produce a bounding "stress ratio" of 32%. The "stress ratio" is a

ratio of the computed stress across the fillet divided by the allowable stress given in the Code for

this material (SFA 5.4 E309-L stainless steel weld metal). "Stress ratio" is a convenient way to

visualize the portion of stress capacity (allowable) that is actually used. A value of 0% would

represent a case where the analysis computed no stress, and a value of 100% would represent a
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case where the computed stress equated to the code allowable. A value of 100% would not

represent a failed condition but rather a design condition that should not be exceeded. Note that

allowable stresses have conservatism built into the Code allowable tables. Since these valves

show a "stress ratio" of 32% for the bounding case, then the design produces stresses that are

considerably less than those allowed. A similar assessment for shear loading at the fillet fusion

line at the carbon steel interface develops a "stress ratio" of 35% for the bounding case

considering that only one fillet weld exists instead of one on each side of the valve seat ring.

Both "stress ratios" address the largest valve size installed (30 inch diameter) since the "stress

ratios" in both cases become smaller as the valve size becomes smaller. An additional

conservatism exists as noted by the supplier that the true sizes of the fillet welds are larger than

designed, because the minimum fillet dimensions were generally increased during fabrication to

develop a smooth transition from the body to the valve seat. The smoother transition was desired

from an aesthetic point of view and would be expected to be more pronounced as the valve size

increases.

The open valve position produces much lower "stress ratios" than are seen with the closed valve

position for any of the analyzed conditions, because the disc loading is much lower. The "stress

ratios" for the open valve position are bounded by a value of 4.26% for all valve sizes. The

double-weld analysis (consideration of the fillet welds on both sides of the ring) produces stress

ratios half the single weld ratios. Finally, smaller valve sizes proportionately decrease the

stresses for all conditions.

These analyses demonstrate that the sizing designs for these butterfly valves are conservative.

The weld heat affected zones (HAZs) from the fillet welds in the carbon steel valve bodies see

limited loading regardless of whether or not the valve seat is open or closed. The limiting

stresses on the carbon steel HAZ are primarily shear. The valves have all passed the supplier

pressure testing as evidenced by the individual Form NPV-1 included in the Certificate of

Conformance for each valve. This documentation shows the valve body passed a hydrostatic

pressure test at 425 psi and a Disk Differential Pressure Test at 165 psi.

Report No. 1300615.401 RO 4-32 jStructural Integrity Associates, Inc.,



5.0 CONCLUSIONS

An evaluation has been conducted to determine the acceptability for continued use of Weir

Tricentric ® Butterfly Valves installed at River Bend Nuclear Station. The valves are installed

in the Class 3 service water system and are required to meet ASME heat treating requirements as

described in ASME Section III Subsection ND-4000 Heat Treating. Exemption from PWHT is

permissible by Code providing certain requirements are met. One of the requirements is for

200'F preheat prior to welding. River Bend has been informed that this was not met during

fabrication and thus the exemption taken from PWHT for the ring seat fillet welds is not

consistent with the Code.

A thorough evaluation has been made of the installed valves to determine if the expected

properties are acceptable for continued operation. The evaluation has included a detailed

examination of the following areas:

1. Compositions of the installed cast valves and review of material specifications

2. Valve service history and testing performed

3. Metallurgy of the materials and weld HAZ behavior

4. Determination of the Carbon Equivalencies of each cast valve body

5. Welding procedures evaluation and qualifications

6. Review of Weir testing results on similar wrought material valve bodies

7. Metallography of the weld HAZs

8. Stress analyses of the valves (Weir Valves and Controls engineering analyses)

9. Detailed hardness mapping of the weld HAZs

10. ABI testing for mechanical properties of the weld HAZ including fracture toughness

Each of these topical areas was examined and it was determined that the HAZ properties would

be more than adequate to meet the requirements for the valves. The valves have been in service

for about 10 years and performed without incidence. They have passed all pressure testing

requirements and been surface inspected several times at the supplier as evidenced by the

individual valve Certificates of Conformance (Form NPV-1).
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Weir Valves and Controls performed stress analyses for all sizes of the butterfly valves in

question, including the 12-inch size located in the warehouse. In general, the larger the valve is

in diameter, the higher will be the tensile stresses pulling across the fillet throat and the shear

stresses trying to remove the valve seat. The most likely failure path would be across the valve

seat by shearing the ring seat fillet welds and not through the valve body wall thickness. The

stresses acting on this failure path were shown to be low even for the largest valve (30-inch

diameter). In that case maximum loads would be less than a third of allowable stresses for the

materials (allowable stresses already have conservatism included). Smaller valves utilize

progressively less of the allowable stresses than do the large valves because the loads are

proportionately smaller. In addition, the fillet welds on both sides of the seal ring must fail for

leakage to occur across the seal. This means periodic inspections from the outside of the pipe

would not yield useful information. Since it is a hardship to remove the valves for testing, it

would not seem wise to attempt to include special inspections that require shutting down the

system, draining the lines, and removing the valves for interior inspection.

The valve body material is SA 216-WCB - a cast plain carbon steel (other similar designs may

use rolled plate material such as SA516 Grade 70). The ring seat is Type 316-L stainless steel

and the weld metal is SFA 5.4 E-309-L stainless steel. Welding for the River Bend ring seal

welds made use of the SMAW process. Heat input was typical for this process. It was noted that

GTAW welding was permitted and qualified, but records indicated that SMAW was used.

Finally, the fillet welds used a "multipass" welding technique as confirmed by procedure, by

supplier statement, and by photomicrograph of a sacrificed 12-inch valve removed from the

warehouse supply.

The Carbon Equivalent (CEEq) was computed from the composition of each valve as reported in

the CMTRs. The CEEq is a method for ranking ferritic materials for hardenability (likelihood of

forming martensite). It was determined that the CEEq for the installed valves is low and is not

likely to form martensite even for HAZ quench rates. Therefore, phase transformation products

having ductility in the HAZ is favored over brittleness. This characteristic also creates

conditions that generally do not support hydrogen delayed cracking.
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A 12-inch production butterfly valve from the same supplier was selected from the warehouse

supply (Serial Number 1-50472-B) and sacrificed for destructive testing to perform metallurgical

evaluation, hardness mapping, and ABI testing.

The "Hardness Maps" were generated for all testing conditions.

1. As-received

2. Two single-bead welds (one with and one without preheat)

3. Two double-bead welds (both without preheat)

Small (limited volume) spots in the HAZ were identified in the hardness maps that were

considered high hardness. However, the maps for all conditions clearly showed that all of the

hard volumes were small in size and always surrounded by softer material. Assuming that the

softer condition is more ductile (reasonable assumption since hardness is defined as the

resistance of a material to penetration by an indenter). The as-received condition on the 12-inch

valve represents a bounding case for the installed valves because the CEEq value of the sacrificed

valve was significantly higher and it was welded the same way. This means that it is likely that

the installed will be more ductile than the one tested. Second, conditions representing single

bead fillet welds with and without preheat demonstrated that all small volumes having high

hardness were surrounded by softer material. The next conditions tested were the 2-bead fillet

welds without preheat, and both of these welds showed only very limited hard spots in the HAZ

and these of course were surrounded with softer material. Thus, at least limited ductility was

demonstrated by hardness maps for all conditions tested. The installed conditions likely are free

from hard spots because of the chemistry but even if they do have some, it has a high probability

of being isolated by softer material and ductile behavior will result. Therefore, the hardness

mapping results clearly predict a ductile HAZ condition for all the installed valves.

The valve HAZs in all the conditions listed above (both with preheat and without preheat) were

tested using the ABI tests positioned in the weld HAZs. These tests resulted in estimates of

fracture toughness that reside on the same fracture toughness transition curve. Furthermore, that

test values from all tests were located on the upsweep of the transition curve. The toughness

curve generated predicts fracture toughness (Kjc) at room temperature of 118 ksiqin. This
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toughness is adequate to meet all toughness requirements. Therefore, preheat is unnecessary to

generate tough HAZ properties.

Finally, the installed butterfly valves in the Class 3 service water piping at River Bend Nuclear

Station are judged to be capable of satisfactory performance based on the body of data developed

and considerations evaluated in this report.
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APPENDIX A

WEIR STRESS EVALUATION FOR RIVER BEND TRICENTRIC® BUTTERFLY
VALVES
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Table A - 1 Valve Geometries used in the Weir Stress Evaluations

Valve Geometries used in Stress Analyses

Weld

Fillet Throat

Leg Fillet Size Sizing

Valve Length Weld Calc Avg Pressure

Size (in) Shape (in) K2 (in) A2 (in) Dia (in) ID (in) (psi)

8-150 0.188 Convex 0.131 7.158 7.34 7.249 7.98 100

12-150 0.188 Convex 0.131 11.102 11.385 11.2435 11.94 100

18-150 0.188 Convex 0.131 15.677 16.077 15.877 17.13 100

30-150 0.250 Convex 0.175 26.711 27.393 27.052 29.03 100

Report No. 1300615.401 RO A-2 e N 6 RStructural Integrity Associates, Inc!



Table A - 2 Summary of the Tricentric® Butterfly Valve Stress Analyses (Information Provided by Weir Valves and Controls)

Riverbend Weld Analysis
i Maximum Load Based on Sizing I I Maximum Load Based on Dp

Pressure Fillet Actual to
Force - Throat Ring Allowable WEld Leg Shear Actual to

kalve dosed Stress Allowable Ring Stress Shear Allowabie Allowable

Size (ibs) (pý Stress (psi) Ratio (psi) (psi) Ratio

Fillet

Throat Ring Actualto Weld Leg Shear Act to
Stress A Allowable A 1wable Shear Allowable Allowable
(psi) Stres(psi) Stresslatio (psi) (psi) Ratio

Single Side Fillet Weld Analysis, 1974 W 1975 Material Allowables

8-150 5001 1673 13760 12,1 1064 8256 13% 251 13760 2$ 160 8256

12-150 11197 2415 13760 18% 1592 8256 19% 2270 13760 16" 1496 8256

18-150 23046 3520 13760 26% 2234 8256 28% 3098 13760 23% 2010 8256

30-150 66189 4450 13760 32% 2903 8256 35% 4183 13760 30% 2729 8256

Double-Side Fillet Weld Analysis 1974 W 1975 Material Allowables
8-150 5001 837 13760 % 532 8256 6% 251 13760 2% 160 8256

12-150 11197 1208 13760 9 796 8256 10% 2270 13760 115% 1496 8256
18-150 23046 1760 13760 13% 1142 8256 14% 3098 13760 23% 2010 6256

30-150 66189 2225 13760 16% 1451.5 9256 180A 4183 13760 30% 2729 256

Single Side Fillet Weld Analli; 2000 Material Allowables
8-150 5001 1673 16700 i01A 1064 10020 1 1 251 17000 10/ 160 10200

12-150 11197 2415 16700 14, 1592 10020 16'A 2270 17000 13'' 1496 10200

18-150 23046 3520 16700 21% 2284 10020 23% 3098 17000 18%6 2010 10200
30-150 66189 4450 16700 22 2903 10020 29% 4183 17000 25% 2729 10200

2%
18%

24%

33%

2O%

24%

33%

2%

15O

20%

27%

2%

15%

20%

27%

8-150 5001 637 16700

12-150 11197 1206 16700
18-150 23046 1760 16700

30-150 66189 2225 16700

5% 5
7% 7

Double-Side Fillet Weld Analysi, 2000 Material Allowables
32 10020 5% 251 17000 1% 160 10200
ac, 10020 8% 2270 17000 C-•,-• 3% 1496 10200

11% 1142 10020
l3% 1452 10020

11% 3098 17000 18% 2010 10200

14% 4183 17000 25% 2729 10200
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APPENDIX B

ASME CODE HEAT TREATMENT REQUIREMENTS
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ASME Code Heat Treatment Requirements for the MOV Butterfly Valve Fillet Welds

installed at River Bend Nuclear Station in the Class 3 Service Water System

The following requirememts are provided by the ASME Code governing heat treatment of the

butterfly valve seat fillet welds. The pertinent information required to make this determination is

the following:

" Valve body material (SA 216 WCB) is a cast silicon deoxidized-low carbon steel (P- 1 Gr
2 grouping for welding) and has a minimum 70 ksi tensile strength.

" Valve ring inserts are SA 240 Type 316 (UNS S31600)

* Fillet weld uses SMAW process and SFA 5.4 Class E309L-16 electrodes (5/32" or 3/16"
dia.)

* Valves are ASME Class 3 and thus heat treatment is governed by ASME Section III
Subsection ND 4600

ND 4600 Heat Treatment

1. ND-4622.1 requires PWHT for all welds including repair welds.
2. ND-4622.3 defines nominal thickness as the throat thickness for fillet welds (austenitic

fillets in this case)
3. Table ND-4622.1-1 "Mandatory Requirements for Post Weld Heat Treatment of Welds"

calls out P 1 materials as defined by Section IX.
4. ND-4622.5 covers PWHT requirements for different P-Number materials being joined.

In this case it is P1 (valve body) to P8 (seal ring) using E-309L electrode (SMAW).
5. ND-4622-7 covers "Exemptions to Mandatory Requirements" and eliminates nonferrous

(meaning austenitic and non-iron base materials) so it eliminates austenitic stainless
steels and also exempts welds called out in Table ND-4622-7(b)-1.

6. Table ND-4622-7(b)-1 exempts P-No. 1 (according to Section IX, QW-420) for all welds
in material over 1 ½ inch thickness, where the nominal thickness is % inch or less
(because it is a fillet weld this requirement applies), no carbon limits are shown, but the
subject material is well below the 0.30 maximum carbon set for higher nominal
thicknesses (according to ND-4622.3), and provided a minimum preheat of 200F (95C) is
used. Note 2 states that the carbon level of the pressure retaining materials being joined
must be below 0.30%.

Reference: ASME Section III - Division 1 - Subsection ND 4600 - 1992 thru 2010 Edition
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APPENDIX C

CMTR CHEMISTRIES ANALYSES FOR TRICENTRIC® BUTTERFLY MOVS AT
RBNS SUPPLIED BY WEIR VALVES AND CONTROLS AND DATA SUMMARY

COMPARISONS FOR WEIR TESTING Ill
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Table C - 1 CMTR Chemistries for Installed Weir Valves and Controls Tricentric® Butterfly MOV's at RBNS [1]

Melt
Grade Vendor Pattern S/N Quantity Size HT No C Mn Si P S Cr Ni Mo Cu V Al Ti

SA216 WC8 Regal Cast 50490-00 1 18 2110 0.43 0.234 0.658 0.463 0.019 0.004 0.352 0.069 0.019 0.089 0.001 0.024 0.001
SA216 WCE Regal Cast 50344-00 1 8 2113 0A0 0.209 0.641 0.537 0.022 0.008 0.335 0.059 0.017 0,078 0.003 0.042 0.001
SA216 WCO Regal Cast 50490-00 2 18 2113 0.40 0.209 0.641 0.537 0.022 0.008 0.335 0.059 0.017 0.078 0.003 0.042 0.001
SA216 WCB Regal Cast 50113-00 1 30 0142 0.37 0.192 0.768 0.435 0.012 0.011 0.199 0.041 0.021 0.071 0.004 0.055 0.001
SA216 WCB Regal Cast 50490-00 3 1L8 0158 0.39 0.214 0.708 0.385 0.011 0.013 0.213 0.051 0.02 0.084 0.004 0.052 0.001
SA216 WC8 Regal Cast 50344-00 1 B 0164 0.37 0.201 0.689 0.439 0.011 0.01 0.229 0.038 0.016 0.099 0.004 0.038 0.001
SA216 WC8 Regal Cast 50113-00 1 30 0140 .038 1 0.196 0.707 0.439 0.011 0,012 0.253 0.043 0.03 0.075 0.004 0.046 0.001

12-inch TCB Valves in RBNS Warehouse
Melt

Grade Vendor Pattern S/N Quantity Size HT No CEeq C Mn $i P 5 Cr Ni Mo Cu V

SA216 WC8 uaker Allo, 2-50472-B 1 12 E7731 0.49 0.20 0.857 0.520 0.022 0.005 0.375 0.456 0.133 0.167 0.001
SA216 WCE uaker AIIo 3,4,5-50472-8 3 12 E7735 0.42 0.19 0.844 0.503 0.015 0.005 0.302 0.138 0.047 0.099 0.001
SA216 WC8 uaker Allo, 6-50472-8 1 12 E7740 0.51 0.23 0.976 0.533 0.026 0.010 0.396 0.203 0.071 0.132 0.001

TRICENTRIC BUTTERFLY VALVES (INSTALLED)

Valve Casting Casting
Serial No. Vendor Size Melt No. S/N CEeq.

1-50472-A A & M 8 0164 P-71 0.37
2-50472-A A & M 8 2113 R-371 0.40
1-50472-C A & M 18 0158 P-88 0.39
2-50472-C A& M 18 2110 R-373 0.43
1-50472-D A & M 18 0158 P-86 0.39
2-50472-D A & M 18 0158 P-87 0.39
3-50472-D A & M 18 2113 R-378 0.40
4-50472-D A & M 18 2113 R-377 0.40
1-50472-E A & M 30 0140 P-28 0.38
2-50472-E A & M 30 0142 P-29 0.37

12-INCH TRICENTRIC BUTTERFLY VALVES (RBNS WAREHOUSE)

Valve Casting Casting
Serial No. Vendor Size Melt No. S/N CEeq.

1-50472-B A & M 12 E7700 E7700-2 0.46
2-50472-8 A & M 12 E7731 E7731-3 0.49
3-50472-B A & M 12 E7735 E7735-3 0.42
4-50472-0 A & M 12 E7735 E7735-4 0.42
5-50472-B A & M 12 E7735 E7735-5 0.42
6-50472-B A & M 12 E7740 E7740-3 0.51
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Table C - 2 Summary of Base Metal and Welding Parameters and Test Results for Weir White Paper [1]

Summary of Base Metal and Welding Parameters and Test Results

Mockup # 1 2 3
Base Metal Plate mockups

4

S

0.51

5 6
Production Bodies

4 4

0.45 0.465
Base Metal Thickness, in.

Ceq (IW)

Wedn2gParameteri
Process

Current, amps
Voltage, volts

Travel Speed, ipm
Heat Input, U/in.
Preheat, deg. F

Interpass, deg. F
Test Results

Cv Energy Base Metal

Cv Energy HAZ
Cv MLE Base Metal
Cv MLE HAZ

Cv % Shear Base Metal
Cv % Shear HAZ

Microstructure
m

HAZ Hardness (HVSQO)

HAZ Hardness (HVS00Q

HAZ Microhardness traverse #1
HAZ Microhardness traverse #2

2

038

2

0.38

3

0.47

GTAW

175-200

20-22
7

30-38

60
200

154

205
81
85

87
93

No

artensite
204

204

GTAW

175-200
20-22

7
30-38

200

200

200

157
83

85

100
80

No
martensite

No test

No test

GTAW

175

20

7
30

60

200

66

73
54

52

43
40

No
martensite

227

248

GTAW SMAW GTAW
175 110 170-225

20 22 20-24

7 8 5-7

30 18 30-64

60 z0o
200 200 200

GTAW
170-225

20-24

5-7
30-64

60

200

Notes

In accordance with QW-403.26

#4 - 1 in. deposit using each process
Heat input minimized for Mockups 1-4, to

increase HAZ cooling rate; production welds

made in accordance with qualified procedure,
with no additional limits

Ambient conditions, except #2 & 5

Weld cooled to < 200F between passes

Cv testing cannot be performed on HAZ in

production valve bodies

Ave at 0.025 in. from fusion line

Ave at 0,005 in. from fusion line

49
34
41
26

60

30

Approx 50%
-martensite

275

280

NA NA

NA NA

NA NA
NA NA

NA NA
NA NA

Martensite adjacent to.

fusion line

208-413 266-485
235-489 300-449
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APPENDIX D

HARDNESS MAPPING RESULTS (EPRI)
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Appendix D is a summary presentation of the hardness mapping performed by EPRI on the River

Bend 12-inch butterfly valve sample supplied from River Bend warehouse inventory. The valve

was evaluated by destructive sectioning for metallography and for hardness mapping. The

following conditions were examined:

1. As received

a. 2 samples, 2 hardness maps per sample

b. Micrographs of one additional sample

2. EPRI weld, with preheat

a. 2 samples, 2 hardness maps per sample

b. Micrographs of one additional sample

3. EPRI weld, no preheat, single pass

a. 2 samples, 2 hardness maps per sample

b. Micrographs of one additional sample

4. EPRI weld, no preheat, two passes

a. 2 samples, 2 hardness maps per sample

b. Micrographs of two additional samples

The results for each condition are displayed on the following pages. The initial presentation is

for Summary results followed by results on specific samples.
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As-Received: C, right
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EPRI, w/Preheat: A83, right
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EPRI, w/Preheat: CD1, right
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EPRI, wlo Preheat: AB1, right
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EPRI, w/o Preheat: AB4, right
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EPRI, w/o Preheat, 2 passes: CD1, 118, right
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EPRI, w/o Preheat, 2 passes: CD4, 3/32, right

17 , ýv 5
? X V Jf
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EPRI, wlo Preheat, 2 passes: CD4, 3/32, left

aV

0 1 2 3 4 5 6 7 a 9
X DimWnsiton (mm)
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APPENDIX E

ABI TEST RESULTS
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Table E - 1 Summary of Initial ABI Tests on River Bend Valve Samples for As-received and for

Single Pass Fillet Test Welds

I I

0.71 250 [030G6 223.
0.77 232(030G) 212
0.74 241 217
0.042 127 7

AB2,PH-BM1 56 69 10 0,8 1 7(030G) 181
A82-PH-HAZ-L1 96 127 10 0.US6 286(030G - 157
AB2-PH-HA2-R1 '97 125 10 0.77> 289030G) 165

AB2-HA2-Rl
AB2-HA2-R2
AB2-HA2-R3

Average
Std. Dev.

108 143 10 0.75 329(030G) 32
89 126 11 0.71 283(030G] 94
108 148 11 0,73 331 (030G) 95
102 139 11 0.73' 314 94
11 12 0 0.02 27.21
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Table E - 2 Summary of ABI Results on HAZ developed with 2-bead Fillet Welds on River

Bend Test Material using Ambient Temperature Preheat

I I

I I

I I

I I

I I

I I
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