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1.0 Abstract 

Carolina Power & Light's H. B. Robinson No. 2 plant was scheduled 

for turbine maintenance shutdown on 27 May, 1971. Shortly before 

shutdown, Beta-gamma activity was detected on the secondary side 

of the number one steam generator. The activity was at the detec

tion limit and a quantitative leak rate could not be determined 

accurately.  

After shutdown, a hydrostatic test on the secondary side of steam 

generator number one and subsequent inspection on the primary 

side of the tubesheet revealed several leaks on the outlet side.  

All of the leaks were in the tube-to-tubesheet weld in the row 

of tubes immediately adjacent to the partition plate. Further in

spection determined that the leakage was through a tear in the tube 

wall and tube weld.  

Ultrasonic inspection of the suspect area indicated a separation 

of the cladding, to which the tubes are welded. The separation 

extended from the toe of the partition plate to near the centerline 

of the first row of tubes. Ultrasonic testing on the inlet side of 

steam generator number one revealed a similar cladding separation.  

Steam generator number three was ultrasonically inspected with the 

same separation condition existing. Inspection of steam generator 

number two revealed no indication of separation.  

The steam generators at Carolina Power & Light were fabricated with 

explosively clad tubesheets and because of the possibility that 

other tubesheets clad by the same process might exhibit a similar



anomaly, an investigation of all such tubesheets was undertaken 

immediately. The units were repaired by removing the affected 

cladding at the point of partition and replacing with manually 

deposited weld metal.  

The results of this investigation, the corrective measures taken, 

and the adequacy and suitability of the restored steam generator 

tubesheets are discussed in detail in this report. A mechanism 

by which the separation phenomenon occurred is also presented.
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2.0 INTRODUCTION AND HISTORY OF DETACLAD* TUBESHEETS

2.1 Purpose 

This report has been compiled and written as a cooperative effort of 

Westinghouse Electric Corporation Tampa Division, Corporate Research 

and Development Center, and Pressurized Water Reactor Systems Division 

under the direction of the Tampa Division.  

2-1 The contents are an evaluation of the integrity of nuclear 

steam generator tubesheet cladding and, in particular, a report of 

a failure incident and subsequent field restoration of the tube lane 

portion of explosively clad tubesheets.  

Extensive analysis and conclusive results are included in this 

report to demonstrate the adequacy of the cladding on all 

Westinghouse steam generator tubesheets including that resulting 

from repair procedures performed on units involving the tube lane 

cladding separation.  

2.2 Introduction 

The contents of this report are of a highly technical nature and require 

rather extensive knowledge of the Westinghouse Pressurized Water Reactor 

System and the associated steam generator, therefore, a brief description 

of this system is included below with emphasis on the steam generator.  

*Detaclad-Patented Explosive Bonding Process of E.I. DuPont De Nemours 
and Company, U.S. Patent No. 3,137,937.



2.2.1 Reactor Coolant System 

The Reactor Coolant System consists of one to four similar heat transfer 

loops connected in parallel to the reactor vessel. Each loop contains a 

steam generator, a pump, loop piping and instrumentation. (Figure 2-1).  

The pressurizer surge line is connected to one of the loops.  

2.2.2 Steam Generator 

Each loop of the reactor coolant system contains a vertical shell and 

U-tube steam generator (Figure 2-2). The steam generators are designed 

and manufactured in accordance with Section III (Nuclear Vessels) of the 

ASME Boiler and Pressure Vessel Code.  

Westinghouse steam generators have progressed in size along with the 

advancement of nuclear engineering experience. Following is a brief 

summary of the previous and current nominal characteristics: 

Rowe SCE 
PM-3 BR-3 Yankee Conn. Yankee "144"1 "151"1 

Steam Flow 
(Lbs/Hr.) 39,100 161,500 461,000 1,550,000 3,340,000 3,500,000 

Tube Plate 
Diameter (In.) 31-1/4 60 85 119 127 135 

Overall Height 
(Ft.) 18 27 40 46 62 67 

Weight (Tons) 4.8 33 94 218 305 320 

Primary Pres
sure (PSI) 2000 2100 2235 2485 

Inlet Temp.  
(OF) 532 598 618 606



TURBINE GENERATOR

Figure 2-1 - Illustration of a one ioop reactor coolant 
system with reactor
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Each steam generator consists of three sections, an evaporator section, 

a steam drum section, and the primary coolant or tube side. The evapo

rator section is the shell and U-tube heat exchanger while the steam drum 

section houses moisture separation equipment. The steam generator is 

mounted vertically on integrally cast support pads on the channel head 

with the moisture separation equipment located in the upper part of the 

shell.  

High temperature, high pressure reactor coolant enters the inlet side 

of the coolant channel through the inlet nozzle, flows through the 

U-tubes to an outlet channel and leaves the generator through the 

outlet nozzle. The inlet and outlet channels are separated by a 

partition plate welded to the channel head cladding and tubesheet 

cladding at a position referred to as the tube lane.  

An access opening (manway) for inspection and maintenance is provided 

in each section of the channel head. The U-tubes are supported at 

intervals by horizontal support plates which are ported to permit flow 

of the steam water mixture. Feedwater to the steam generator enters 

just above -the top of the U-tubes through a feedwater ring. The feed

water combines with the shell side recirculating water and flows down 

through the annulus formed by the tube bundle wrapper and the shell. The 

sub-cooled water enters the tube bundle at the tube sheet and flows 

radially inward around the tubes where it is heated to saturation temper

ature and boiling occurs as the water moves upward through the tube bundle.
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The steam-water mixture from the tube bundle passes through a steam 

swirl vane assembly which imparts a centrifugal motion to the mixture 

and separates the water particles from the steam. The water spills over 

the edge of the swirl vane housing and combines with the feedwater for 

another pass through the tube bundle.  

The steam rises through additional separators which limit the moisture 

2-6 content of the steam to 0.25% or less under all design load conditions.  

The upper shell has two bolted and gasketed access openings for 

inspection and maintenance of the dryers which can be disassembled and 

removed through the openings. Two similar access openings in the lower 

shell permit inspection of the shell side of the tubesheet.  

The shell of current steam generators is constructed of manganese

molybdenum steel (ASME SA 533, Gr. A, Cl. I) plate. The heat transfer 

tubes are Inconel (ASME SB 163). The interior surfaces of the low alloy 

steel channel head casting (ASME SA 216 WCC) and nozzles are clad with 

austenitic stainless steel, and the side of the manganese-molybdenum 

(ASME SA 508 Class II) tubesheet in contact with the reactor coolant is 

clad with Inconel. The ends of the tubes are welded to the cladding.  

2.3 History and Background 

Historically the components and surfaces of Westinghouse Pressurized 

Water Reactor components exposed to reactor coolant have been constructed 

either from corrosion resistant stainless alloys or from low alloy carbon 

steel base materials having a corrosion resistant surface. The corrosion
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resistant surface is applied to the primary coolant surface by means 

of weld cladding processes. The use of corrosion resistant materials 

2-7 is desirable to enhance long-time structural integrity of the component 

and to prevent radioactive buildup of corrosion products which would 

result from the use of carbon steel base materials.  

Corrosion that typically could result from rapidly circulating high pressure, 

hot water have been resolved by the use of austenitic materials or in some 

cases Ni Cr Fe (Inconel) type alloys and careful control of water chemistry.  

Current Westinghouse PWR steam generators have a primary 

coolant boundary of carbon steel coolant channel, clad with 

austenitic stainless weld deposit material; nickel base alloy 

(Inconel 600) tubing; and a forged low alloy carbon steel tubesheet 

clad with Ni Cr Fe alloy. The cladding is applied to the coolant 

channel casting by a combination of several weld overlay processes.  

The cladding on the tubesheet is Ni Cr Fe material with an alloy 

composition selected to approximate that of the tubing, deposited by 

methods discussed below.  

The chemistry of the tubesheet cladding material and method of 

deposition was selected to optimize properties affecting welding of 

the tube to the tubesheet, long considered essential to reliable, 

leak free, steam generator performance.



The original method selected for deposition of this cladding was 

an automatic, gas shielded, metal arc process (MIG), using a wire 

chemistry similar to the tubing. The process was used for some 

time with good results from a cladding standpoint, however various 

manufacturing problems arose associated with difficulties in producing 

consistently high quality automatic tube-to-tubesheet welds without 

subsequent in-house manual repair effort. During extensive research 

into cladding deposit "cleanliness" and chemistry by Westinghouse 

metallurgists, it was determined that a promising process existed 

which would meet corrosion resistance requirements while at the same 

time give 100% control of cladding cleanliness and chemical uniformity-

Detaclad* or more generally known as explosive bonded cladding.  

An extensive cooperative development program was undertaken in 1962 

with the duPont Company to evaluate the suitability of this process 

for use on nuclear steam generator tubesheets. The investigation 

included metallurgical testing, non-destructive testing of all types, 

and mechanical tests. The result of this investigation concluding in 

1964 was a fully qualified procedure for the use of Detaclad, to ASME 

Standards. The details of the numerous tests during and after the 

development effort will be discussed in Section 7 of this report.  

Starting with the Zorita steam generator, the cladding on the flat 

portion of the tube plate face was performed by explosively bonding 

the wrought Inconel plate to the low alloy carbon steel forging. This 

process continued for 72 steam generator tubesheets.  

*See page 2-1.
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During this time tube-to-tubesheet welding performance in the shop 

was measurably improved and a step increase in reliability of the 

operational performance of the weld is believed to have been achieved.  

It should be pointed out that the Westinghouse plants in operation in 

which weld cladding has been used have experienced no instance of 

tube-to-tubesheet weld failure. During late 1969, suitability of 

the bond strength of the explosive cladding in the region of the center

lane came under question and the decision was made to remove and restore 

this portion of the cladding with weld overlay. The technical justifi

cation for this decision is discussed in a later section of this report.  

While the continued use of explosive cladding in the tube-to-tubesheet 

weld region was desirable from a welding standpoint, scheduling consi

derations dictated the use of a more desirable manufacturing sequence 

for cladding the tubesheeet. To achieve greater in-house control over 

the tubesheet cladding, and therefore the production schedule, 

Westinghouse initiated use of plasma arc welding in late 1970 at 

Tampa, rather than procure Detaclad tubesheets from the duPont plant 

in New Jersey. This method achieves the desired chemistry and deposit 

"cleanliness" and the commensurate beneficial effect on the tube-to

tubesheet weld while allowing the complete operation to be done under 

the direct control of personnel at the Westinghouse Tampa Division.



2.4 Previous Problems Associated with Detaclad 

During the period the Detaclad process was used a few problems of a 

general nature were encountered. These problems were typically 

associated with inspection operations performed after machining of the 

cladding at the geometric center and periphery to allow for manual and 

automatic cladding of these areas which cannot be explosively clad.  

During dye penetrant and ultrasonic inspection prior to welding, 

occasional local indications were detected and minor cladding restoration 

was required. The process continued under close scrutiny, and due to 

more frequent occurrence of the problems associated with apparent 

unexplained process variables affecting the cladding bond, the entire 

tube lane to which the partition plate is joined was removed from the 

later units on which Detaclad was used as discussed above. The tube 

lane region was manually overlay welded on these tubeplates prior to 

joining of the partition plate to the tubesheet.  

2-10 One incident of gross failure, prior to the separation problem 

associated with Detaclad tubesheets, occurred on an NOK steam generator 

tubesheet. During the post weld heat treatment of the primary channel 

head to tubeplate weld, local overheating of the partition plate resulted 

in separation of the cladding from the tubesheet base metal in the area 

in which the partition plate is welded to the cladding.  

Extensive calculations and experimental work verified that the damage 

occurred as a result of very large forces being imposed on the cladding 

as the unit was being cooled following post weld heat treatment.
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A carefully planned and executed repair program restored the unit 

completely to the original configuration. The failure was the result 

of an abnormal manufacturing situation and was corrected on subsequent 

units by welding of the partition plate to the cladding after the post 

weld heat treatment. It is of interest to note that the Zorita steam 

generator was fabricated to the same sequence that caused the NOK failure.  

This unit was ultrasonically tested at the time of the NOK incident and 

2-11 determined to be sound. Zorita has operated since 1968 without 

2-11 steam generator leakage problems.  

2.5 Discussion of the Explosive Welding Process (1) 

Since the principles associated with the explosive application of 

cladding to the tubesheet are not generally well known, a brief 

review will be given in this section of the report.  

The explosive welding process is, for practical purposes, a highly 

efficient solid state welding technique which means that it is 

essentially independent of the usual welding or bonding requirement of 

gross fusion or diffusion across the interface. It has long been known 

that if two metal surfaces, completely free of surface films, are brought 

into sufficiently intimate contact, a metallurgical bond or weld will 

occur. The nature of the interatomic or intermolecular attractions across 

the interface are essentially the same as those in the component materials.  

The more familiar methods of achieving film breakup and, simultaneously, 

intimate contact between the metal surfaces include cold rolling and 

localized or general upsetting in a hydraulic press. Joint efficiencies 

()Explosive welding is defined by the ASME as, a solid state welding 
process wherein coalescence is produced by the application of 
pressure by means of an explosion.

2-11



achieved by these methods can seldom be greater than the amount of 

interface extension during upsetting. By contrast, joint efficiencies 

of explosively produced welds can be expected to approach 100 percent.  

In the explosive welding process, a chemical high explosive charge is 

used to impinge the mating surfaces of the joint together at very high 

velocities and under extremely high pressure. When the dynamic parameters 

of the collision have the proper relationship, the surface films and a 

thin layer of the substrate are subjected to a very high energy density 

pulse, for a very short period of time, which compresses these 

layers under essentially adiabatic conditions. It is dictated by 

physics considerations that the effective temperature of these layers 

will reach a very high level permitting them to become mobile. When 

the collision has been made to occur so an angle is created between 

the impinging surfaces which proceeds along the interface, the mobile 

surface films are extruded into the area ahead of the closure angle and 

ultimately ejected from the interface leaving behind film-free surfaces 

in intimate contact. This sequence satisfies the previously stated 

requirements for solid state welding.  

Explosive welding, because of the nature of the process, lends itself 

particularly to the joining of sheet or plate surfaces as in the cladding 

situation.  

The quality of explosively welded joints has been determined non-destructively 

by visual examinations, ultrasonic inspection and dye penetrant testing.
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Destructive methods used include the peel test, bond test and tensile 

shear test to determine the mechanical strength of the joints. Metal

lography and hardness surveys also have been employed to assess the 

quality of the weld and surrounding area.  

Explosively bonded cladding meets all standard ASTM and ASME specifications 

for clad plate. The minimum bond shear strength requirement of 20,000 PSI 

is exceeded both before and after thermal cycling.
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3.0 DESCRIPTION OF EXPLOSIVE CLADDING INCIDENT

3.1 Carolina Power & Light, H. B. Robinson Inspection 

The Carolina Power & Light H. B. Robinson Nuclear Power Plant reported 

beta-gamma activity on May 22, 1971 in the secondary side of 

one steam generator and to a lesser degree on one of the other two 

steam generators. Since the activity was discovered just prior to a 

routine maintenance shut-down for the turbine, no leak rate deter

mination was made. Access to the primary coolant side of the steam 

generator was provided Westinghouse personnel on June 11, 1971 to 

evaluate the cause of the leakage and provide corrective action 

necessary.  

When first entered, unit number one was under a secondary side hydrotest 

pressure of 800 psi. Inspection of the primary coolant inlet side of 

the tubesheet revealed no detectable leakage. Upon inspection of the 

coolant outlet side of the tubesheet from outside of the steam generator, 

leakage from approximately five tubes was apparent. Closer visual 

examination from inside the coolant chamber indicated numerous cracks 

in the tube-to-tubesheet welds of the tube ends in the first row 

parallel to the partition plate. These cracks extended the full 1800 

of the tube weld circumference nearest to the partition plate with 

several cracks extending across the ligament of the cladding between 

adjacent tubes. This condition was found to exist in unit number three 

on both the inlet and outlet sides of the partition plate. Visual 

inspection of unit number two indicated no evidence of a similar problem.  

Figure 3-1 is a sketch of the observed condition.



To perform a more thorough evaluation of the condition, an ultrasonic 

inspection of the cladding was accomplished on both the inlet and 

outlet side of unit number one. This inspection showed separation of 

the cladding from the base metal, at the cladding bond line, extending 

outward from the partition plate fillet weld to the center line of the 

first row of tubes on both sides of the steam generator divider plate.  

Ultrasonic inspection was next performed on unit two, which did not 

leak under hydrostatic pressure, and no lack of bond was found.  

Subsequent ultrasonic inspection of unit three revealed ultrasonic 

indications at the explosive bond line similar to those of unit one.  

On the basis of the ultrasonic inspection and visual evidence it was 

determined that separation of the explosive cladding beneath the 

partition plate had occurred for as yet an undetermined reason. A 

detailed restoration procedure was prepared and i mmediately implemented 

to correct the condition.  

3.2 Investigation of all Explosive Clad Steam Generators 

Initial inspection of the Robinson plant did not provide sufficient infor

mation to accurately determine the cause of the explosive cladding separa

tion, therefore an immediate program including ultrasonic inspection of all 

steam generators with explosively clad centerlanes was initiated. This in

vestigation indicated that a similar separation existed on steam generators 

at Indian Point No. 2 (four of four steam generators), Turkey Point No. 3 

(two of three steam generators), and Point Beach No. 2 (one of two steam 

generators). The initial examination of the Point Beach steam generator 

produced minor ultrasonic indications not believed significant. Later in

vestigation indicated that partial separation existed on one steam generator.  
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Since primary to secondary leakage has been reported at Point Beach No. 1, 

the possibility exists that cladding separation has occurred at that plant 

but the severity of the leak rate has not necessitated shutdown and, 

therefore, no inspection has been performed to date. All other steam 

generators thus far inspected have passed ultrasonic inspection. A 

tabular summary listing all explosively clad steam generators in existence, 

tube centerlane cladding method, and ultrasonic inspection results is 

included in Table 3-1. Also included is the operational and repair status 

as of August 8, 1971.  

No attempt will be made in this section of the report to explain the 

cause of the cladding separation but it should be pointed out that all 

separated units except Surry No. 1 have undergone primary hydrotest, 

however, not all units which have been hydrotested have separated.  

It is also important to note that the majority of the explosively clad 

tubesheets possess weld cladded centerlanes and that there are many 

instances of successful operation of explosive cladding. The cause of 

the separation, the reasons for cladding combinations and for successful 

operation will be discussed in the following sections of the report.
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TABLE 3-1 - Summary Status of All Explosive Clad Tubesheets 
Generator 

Plant Center Lane Cladding Method Center Lane UT Status Test Status Remarks 

Primary Hot 

1 2 3 4 1 2 3 Hydro Functional

Union Electrica 
Madrilena - Zorita 

Nordostschweizeriscl 

Kraftwerke AG 
Beznau No. 1 

Rochester Gas & 

Electric - Ginna 

Florida Power & 
Light - Turkey 
Point No. 3 

Consolidated 

Edison - Indian 

Point No. 2 

Carolina Power & 
Light - H. B.  

Robinson No. 2 

Wisconsin-Michigan 

& Wisconsin Power 
Companies 
Point Beach No. 1 

Point Beach No. 2

Exp.  

Exp.  

Exp.  

Exp.  

Exp.  

Exp.  

Exp.  

Exp.

Accept 

Accept 

Unk.  

Rej ect 

lReject 

!Reject 

Unk.  

Accept

Reject 

Reject 

Reject

Reject

Complete 

Complete 

Complete 

Complete 

Complete 

Complete 

Complete 

Complete

Complete 

Complete 

Complete 

Holding 

Complete 

Complete 

Complete 

Complete

Operational since 
1968- No leaks 
reported 

Operational since 
1969 - See report 
for clad repair 
incident 

Operational since 
1969 - No leaks 

reported 

Repair of center 
lane in progress 

Repair in 
progress 

Repair of two 
units complete 

Operational since 
1970 - leakage 
reported 

Tube rows 4-44 
exhibit separation

Accept 

Unk.  

Accept 

Reject 

Accept 

Unk.  

See 

Note 1

weld 

Exp.  

Exp.  

Exp.  

Exp.  

Exp.  

Exp.

Exp.  

Exp.  

Exp.

Exp.
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TABLE 3-1 (Continued) 
Generator 

Plant Center Lane Cladding Method Center Lane UT Status Test Status Remarks 

Primary Hot 

1 2 3 4 1 2 3 4 Hydro Functional 

Florida Power & 
Light - Turkey 
Point No. 4 Exp. Exp. Exp. Accept Accept Accept =Not Ready Not Ready Repair in progress.  

Consolidated 
Edison - Indian Un o. 3 and 4 not 
Point No. 3 Exp. Exp. Exp. Exp. Accept Accept jUnk. Unk. Not Ready Not Ready available.  

Nordostschweizeriscl Exp. Exp. = = Accept Accept ' Complete Complete Repair Complete 
Kraftwerke AG 
Beznau No. 2 

Virginia Electric Exp. Exp. Exp. Accept Accept See Not Read Not ready ]Secondary hydro 
Power Company Note 1 complete on 
Surrey No. 1 two units (B & C) 

Public Service xp. Weld Weld Weld Unk. N/A N/A N/A Not ready Not ready---------
Electric & Gas Note 2 
Salem No. 1 

Pacific Gas & Exp. Weld Weld Weld Unk. N/A N/A N/A Not ready Not ready 
Electric - Diablo 

Canyon No. 1 

Commonwealth Weld Weld Weld Weld N/A N/A N/A N/A Not ready Not Ready Center Lane 
Edison - Zion removed and 

No. 1 rewelded.
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TABLE 3-1 (Continued) 

Generator 
Plant Center Lane Cladding Method Center Lane UT Status Test Status Remarks 

Primary Hot 
1 2 3 4 1 2 3 4 Hydro Functional 

Virginia Electric Weld Weld Weld = N/A N/A N/A = Not ready Not ready Center Lane 
Power Company removed and 
Surrey No. 2 rewelded 

Northern States Weld Weld = N/A N/A Not ready Not ready Center Lane 
Prairie Island removed and 
No. 1 rewelded 

American Electric Weld Weld Weld Weld N/A N/A N/A N/A Not ready Not ready Center Lane 
D.C. Cook No. 1 removed and 

rewelded 

Wisconsin Public Weld Weld = N/A N/A Not ready Not ready Center Lane 
Service - removed and 
Kewaunee rewelded 

Public Service Weld Weld Weld Weld N/A N/A N/A N/A Not ready Not ready Center Lane 
Electric & Gas Removed and 
Salem No. 2 rewelded 

Duquesne Light - Weld Weld Weld N/A N/A N/A Not ready Not ready Center Lane 
Beaver Valley removed and 

rewelded 

Undesignated Weld Weld Weld Weld N/A N/A N/A N/A Not ready Not ready Center Lane 

removed and 
rewelded
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TABLE 3-1 (Continued) 

Generator 
Plant Center Lane Cladding Method Center Lane UT Status Test Status Remarks 

Primary Hot 
1 2 3 4 1 2 3 4 Hydro Functional 

Undesignated Weld Weld Weld Weld N/A N/A N/A N/A Not ready Not ready Center Lane 
Removed and 

rewelded 

Undesignated Weld Weld N/A N/A Not ready Not ready Explosive 
Cladding removed 
and rewelded 100%

ABBREVIATIONS:

= Explosive Cladding

Accept = Meets ultrasonic test standards 

UT = Ultrasonic Test

NOTE 1: Upon removal of cladding 
centerlane during repair, 
separation was detected.  

NOTE 2: Exchanged with Salem No. 2 
steam generator.

= Unable to obtain access for inspection 

= Not applicable
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4.0 OPERATIONAL PERFORMANCE OF STEAM GENERATORS 

Extensive description and analyses of the steam generator design are 

presented in pertinent sections of this report. The purpose of this 

section is to point out several aspects of design, which have demon

strated a successful history under operational conditions, relating 

specifically to the adequacy of the restoration procedure applied to 

the separated explosively bonded cladding.  

4.1 Flat Partition Plates 

The flat partition plate configuration utilized in current steam 

generator models is not a recent innovation; it has been used 

successfully in steam generators and other similar heat exchangers 

for many years.  

Table 4-1 presents a summary tabulation of geometric, material 

and test pressure data for some of the plants which use this 

design. There have been no structural problems to date with 

the flat plate design when welded to the weld deposit type center

lane cladding.  

It is interesting to note that in three of the plants shown in the 

table, a higher level of hydrotest pressure was applied without 

resulting in violations of structural integrity.  

4.2 Centerlane Cladding 

There are currently some thirteen steam generators in operation, all 

of the same basic configuration, utilizing a welded centerlane and 

flat partition plate design. As indicated above all have demonstrated 

the ability to operate successfully for varying lengths of time.



Since the initial use of explosive cladding on the Zorita 

steam generator 72 steam generator tubesheets have been 

clad by this method. Zorita (one steam generator), Beznau No. 1 

(one steam generator), and Rochester Gas & Electric (Ginna - two 

steam generators) have reported no leakage attributable to center

lane separation.  

Carolina Power & Light (H. B. Robinson - two steam generators) 

was the first occurrence of cladding separation. Primary to 

secondary leakage has been measured at Wisconsin-Michigan (Point 

Beach No. 1) but the plant has remained in operation and therefore, 

unaccessible to determine the cause of the leakage. NOK (Beznau 

No. 1) has one welded centerlane and has operated successfully.  

A summary of all explosively bonded tubesheets and combinations of 

explosively bonded with welded centerlane, both operational and those 

not yet in operation, are tabulated in Section 3 of this report.
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TABLE 4-1 - PLANTS USING FLAT PARTITION PLATE DESIGN 

Series Conn. Rowe 
44 Yankee (1) Yankee

Partition Material

Partition 

Tubesheet 

Tubesheet 

Tubesheet 

Tubesheet

Inconel

Thickness-inches 

Material 

Thickness-inches 

Clad Process 

Clad Material

Tubehole Pitch-inches 

Tube Diameter-inches 

Tube Material 

Channel Head I.D.  

Primary-Secondary 
Hydro Pressure Difference 

Primary-Secondary 
Hydro Temp.- F

1-1/4 

SA-336 

22 

Explosive 

Inconel 
Plate 

1.2344 

7/8 

Inconel 

118-3/4 

3107

Inconel 

1-1/4 

SA-266 
GR II 

22-9/16 

Deposit 

Inconel 
Weld 

1.031 

3/4 

Inconel 

107-5/8 

3735

Stainless 
Steel 

7/8 

SA-266 
GR II 

14-1/16 

Deposit 

Stainless 
Weld 

1.0625 

3/4 

Stainless 
Steel 

74 

3735

Inconel 

1-1/4 

SA-266 
GR II 

22-1/4 

Explosive 

Inconel 
Plate 

1.2178 

7/8 

Inconel 

104-7/8 

2800

Stainless 
Steel 

1 

SA-266 
GR II 

9-1/2 

Deposit 

Stainless 
Weld 

0.875 

5/8 

Stainless 
Steel 

46-1/4 

3735 

70

* Primary Temp. ranged from 700F-1800 F on various Series 44 plants.

(1) Also Southern California Edison

0 0

Zorita Saxton



5.0 METALLURGICAL EVALUATION OF SEPARATED CLADDING

Samples of separated cladding were removed during the Robinson 

and subsequent repair procedures for metallurgical examination. The 

samples were removed by air-arcing through the partition plate adjacent 

to the cladding surface, air-arcing and/or grinding a cut through the 

cladding parallel to the separator plate between the first row of tubes 

and the toe of the separator plate fillet weld, and air-arcing a cut 

perpendicular to the separator plate through the cladding at each end 

of the desired sample. Before and after photographs of the area from 

which samples were removed from the Robinson Plant are shown in 

Figure 5-1.  

The investigative techniques available to the Westinghouse Electric 

Corporation including macroanalysis, microanalysis, light microscopy 

and the scanning electron microscope (SEM) using an energy dispersive 

analysis attachment were utilized in the failure analysis.  

5.1 Metallography of H. B. Robinson Cladding 

The two steam generators which experienced explosively bonded clad 

separation at the Robinson site are designated by Carolina Power & Light 

as units one and three. This discussion will so identify the origin of 

cladding samples removed from the affected units. Five samples were 

retained from unit one and seven from unit three.
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The specimens from unit one were laid out for cutting in the orientation 

shown in Figure 5-2. A very subtle difference could be detected in the 

fracture surface along the centerline of each sample. This difference 

appeared as a "ridge" to the touch and a slight visual difference in 

ripple pattern. No significance or explanation can be attributed at 

this time to the observed difference. There were flat "streak" marks 

on sample five from unit one and on all seven samples from unit three.  

Sample five experienced an attempted decontamination consisting of 

boiling in citric acid for ten to fifteen minutes, permitted to remain 

in the citric acid twenty-four hours, and then approximately fifteen 

minutes in concentrated nitric acid. No significant decontamination 

results were obtained.  

Specimen one was reserved for analysis using the scanning electron 

microscope. Photographs were obtained with this instrument from 

fifteen to fifteen hundred magnification. In general, two types of 

surfaces were observed, dimpled and smooth. This condition is 

characteristic of a ductile tensile type failure mechanism. In some 

photographs, many attached particles may be seen. These were believed 

to be due to a surface reaction with the atmosphere or dust from the 

cut-off wheel (one rather large particle was analyzed and found to be 

basically aluminum). Micro-photographs from the scanning electron 

microscope can be seen in Figure 5-3.  

Specimens two and three were removed for optical microscopy from the 

approximate center of the samples for two reasons, 1) this area appeared 

to be the initiation point of the fracture and, 2) the previously



mentioned possible irregularities along the center line. Specimen 

two was removed to provide an examination surface perpendicular to 

the ripple pattern and specimen three parallel to the ripple pattern.  

Specimen four was of interest due to a crack on the fracture surface 

and parallel to the centerline of the sample at about the toe of the 

partition plate fillet weld. This crack appeared on all specimens.  

The crack is believed to be a secondary result of the cladding 

separation due to a change in stress pattern as the separation 

emerged from beneath the partition plate weld.  

Specimen five was removed from sample five for investigation of the 

flat "streaked" areas previously mentioned.  

A macro-photograph and micro-photographs at one and four hundred 

magnification were obtained of specimen two. These are shown in 

Figure 5-4. The macro-photograph indicates the presence of some 

attached base metal. Micro-photographs 5-4-2 and 5-4-3 show 

the characteristic typical explosive bond waves. A large amount 

of tubesheet base metal (very deeply etched areas adjacent to the 

worked Inconel surface) and a small melt area can be seen.  

Micro-photographs 5-4-4 and 5-4-5 indicate an intergranular fracture 

in the Inconel with little or no cold work at the Inconel surface, 

indicating the cold worked Inconel near the bond line remained attached



to the tubesheet after separation and, therefore, failure occurring 

in the cladding base metal. A small amount of carbon steel base metal 

is attached to a cold worked portion of the Inconel surface in number 

5-4 5-4-4, indicating failure in the tubesheet also. Micro-photograph 

number 5-4-6 is a 400X enlargement of a melt area caused by impingement of 

the explosive jet with an Inconel peak as it was being formed during 

explosive bonding. Pieces of the base metal component of the jet can be 

seen in the melt pocket. A considerable amount of attached base metal 

can also be seen.  

A macro-photograph and three micro-photographs at 10OX were obtained of 

specimen three. These can be seen in Figure 5-5. Microphotograph 5-5-2 

shows an Inconel melt pocket with a shrinkage void and a degree of 

attached base metal around the melt pocket. Micro-photograph 5-5-3 shows 

a continuous layer of attached base metal over about two-thirds of the 

surface. Number 5-5-4 is in the unetched condition and shows a thin 

layer of attached base metal over almost the entire surface. The presence 

of attached tubesheet base metal again indicates failure in the carbon 

steel tubesheet adjacent to but not directly at the bond interface. One 

macro and one micro-photograph were obtained of specimen four, these can 

be seen in Figure 5-6-1. The surface shown lies parallel to the ripples, 

and illustrates the location and extent of a previously mentioned crack.  

Micro-photograph 5-6-2 provides a 10OX view of the same crack, lack of 

extensive cold work in the Inconel surface here indicates that fracture 

occurred in the Inconel clad leaving an amount of cold worked Inconel 

attached to the tubesheet.



* Specimen five was removed from sample five to investigate flat "streak" 

marks on the sample. It was inclined just less than 450 to the ripple 

pattern. A micro-photograph from this specimen can be seen in Figure 5-7.  

This specimen revealed two cracks, within the cladding, both extending 

from the transition point between rough and smooth surface areas and in 

the same direction (away from the separator plate weld). Both cracks 

originate at the fracture surface and then run parallel to the surface 

for several ripples, one crack progressing away from a flat surface 

area and one extending beneath a flat surface area. A micro-photograph 

of the crack extending away from the flat surface area indicates it was 

5-5 an intergranular type crack, formed during the separation.  

Metallography has not been obtained of samples from unit three. Two 

observations were made about these samples, however. A hole about two 

* inches in diameter remained in the center of one sample as can be seen 

in Figure 5-8. This hole gives evidence of the strength of weld deposit 

cladding which was deposited as standard procedure at the non-bonded 

center of all Detaclad tubesheets. The weld deposit did not fail even 

though the explosive bond separated entirely around the deposit. Secondly, 

all samples had elongated areas free of ripples, many of which had rela

tively smooth surfaces. The typical shape of these areas can be seen in 

Figure 5-9. A smooth area was found adjacent to the hole near the center 

of the cladding specimen.



A number of the smooth unrippled areas had cracks transverse to the 

major dimension of the unrippled surface. One large such unrippled 

area appeared very "flat". It appears as though these unrippled 

areas were formed during the explosive bonding process. They are 

elongated perpendicular to the ripples (in the direction of 

detonation of the explosive).  

5.2 Metallography of Cladding Samples from Other Plants 

Samples of separated explosively bonded cladding were obtained for 

additional metallographical analysis from units at Consolidated 

Edison's plant at Indian Point, New York, and Florida Power & Light's 

plant at Turkey Point, Florida.  

5.2.1 Indian Point Cladding Metallography 

Figure 5-10 indicates the specimen locations for the Indian Point 

samples. The samples were removed from plant number two, units one 

and two, i.e., sample groups twenty-one and twenty-two. The samples 

are numbered within each group and the metallurgical specimens removed 

are numbered within each sample. Figure 5-11 is a macro-photograph of 

the area from which specimens 21-1-1 and 21-1-2 were removed. The 

largest portion of the fracture surface lies within the Inconel cladding 

itself away from the explosive bond line. Figure 5-12 is a 40X photo

micrograph of specimen 21-1-1. Considerable stratification of impurities 

5-6 can be seen as well as a very small amount of intergranular cracking.  

No cold work can be seen at the fracture surface because the 

fracture occurred within the Inconel cladding away from the heavily 

cold worked explosive bond. The observation surface of this specimen
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lies parallel to the explosive bond ripples. Figure 5-13 is a 40X 

photomicrograph taken perpendicular to the explosive bond ripples of 

specimen 21-1-2. Considerable stratification of impurities and cracking 

within the Inconel cladding itself can be seen. Figure 5-14 is a 

macro-photograph of the region from which specimens 21-1-3 and 21-1-4 

were removed. A much greater amount of the separation occurred at the 

explosive bond with only a relatively small amount of separation occurring 

within the cladding itself. In figure 5-15 40X photomicrographs taken 

perpendicular to the explosive bond ripples of specimens 21-1-3 and 21-1-4 

5-7 stratification can again be seen as well as much secondary cracking 

in the Inconel itself. All of the cracks appear to originate in the 

ripple "valleys" and to propagate in the same direction.  

Figure 5-16 is a 40X photomicrograph taken perpendicular to the 

ripples of specimen 22-1-1. Slight stratification is present as 

well as incipient secondary cracks originating in two ripple valleys.  

Figure 5-17 is a macro-photograph of the area from which specimens 

22-2-1 and 22-2-2 were removed. It appears that the entire fracture 

surface lies on the explosive bond plane. The crack running perpendi

cular to the ripples was commonly found on many of the separated 

samples. It lies directly beneath the partition plate fillet weld 

toe and was evidently formed when the separation crack emerged from 

beneath the partition. plate to cladding weld and entered a new stress 

situation. Figure 5-18 is a 40X photo-micrograph both perpendicular 

and parallel to the explosive bond ripples. Other than some impurity



stratification, nothing unusual was found. Figure 5-19 is a macro

photograph of specimen 22-3-1. This specimen was located near the 

exact center of the cladding as can be determined by the semicircular 

pattern and very fine size of the ripples. (The exact center of the 

cladding typically lies at the center of the circular ripples.) 

Figure 5-20 is a 40X micro-photograph of specimen 22-3-2. Note the 

very small ripples on this specimen.  

One important factor was noticed concerning the samples from the 

Indian Point plant. This was the complete absence of the flat, 

unrippled areas evident in the Robinson samples and the high degree 

of secondary cracking and failure within the cladding material itself 

in the Indian Point samples and not evident, at least to any significant 

degree, in the Robinson specimens.  

5.2.2 Turkey Point Cladding Metallography 

Samples have also been obtained from the "A" and "C" steam generators 

at Turkey Point, Florida. Figure 5-21 is a macro-photograph of two 

samples from the "A" steam generator and two samples from the "C" steam 

generator. The larger sample from "A" appears to have a discontinuity 

in the ripples running almost the entire length of the sample. One of 

the samples from "C" shows greater than fifty percent of the fracture 

surface lying within the Inconel cladding itself. Figure 5-22 is a 40X 

photomicrograph of a specimen from unit "C". Some degree of stratification 

can be seen as well as incipient cracks in two ripple valleys. Figure 5-23 

consists of two 40X photomicrographs of specimens from unit "A" showing
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some cracking entirely within the Inconel in the top photomicrograph and 

originating at the surface in the bottom photomicrograph, which is taken 

perpendicular to the predominant ripple direction but within a flat, un

rippled area. Figure 5-24 is a 40X photomicrograph of a specimen from "A" 

showing recrystallization in a rolling plane. Figure 5-25 is a macro-photo

graph of some of the flat, unrippled streak marks found a Turkey Point and 

more frequently at Robinson, but not at Indian Point. The crack associated 

with the cladding at the toe of the weld joining the partition plate to the 

cladding was present again.  

5.3 Summary of Metallurgical Observations 

For clarification of the preceding metallurgical observations, a brief 

summary of the findings is itemized below. It should be pointed out 

that the observations were confined to only a portion of the total 

separated cladding. The observations, however, are believed to be 

representative of the cladding as a whole.  

5.3.1 Carolina Power & Light - H. B. Robinson No. 2 

a) The presence of flat, unrippled, streak marks was observed.  

b) A crack existed at the toe of the weld joining the partition plate 

to the explosive cladding.  

c) The failure occurred predominantly in the low alloy steel tubesheet 

base metal directly adjacent to the explosive bond plane, however, 

separation also occurred to a lesser degree in the cladding base 

metal.  

d) The weld clad portion of the center of the cladding remained intact 

and completely bonded.



5.3.2 Consolidated Edison, Indian Point No. 2 

a) No flat, unrippled, streak marks were observed.  

b) Stratification of cladding base metal impurities was evident.  

c) The failure predominantly occurred, for the specimens observed, 

at the explosive bond line.  

d) A crack at the toe of the weld joining the partition plate to the 

explosive cladding was present.  

5.3.3 Florida Power & Light, Turkey Point No. 3 

a) The presence of flat, unrippled, s treak marks was observed.  

b) The failure occurred predominantly in the cladding base metal.  

5-10 c) Stratification of cladding base metal impurities was evident.  

d) A crack at the toe of the weld joining the partition plate to 

the explosive cladding was present.  

5.4 Conclusions of Metallurgical Investigations 

The metallurgical observations from the foregoing analyses point to 

no obvious mechanism upon which a failure mechanism can be established 

for the cladding separation phenomenon. The tubesheet, hemispherical 

coolant channel, and partion plate assembly, is a highly restrained 

welded geometry which imposes a large stress situation at the partition 

plate tubesheet juncture. Lack of sufficient bond strength, due to an 

unexplained inconsistency of the explosive bonding process, bond interface, 

or in the adjacent base metal existed. This condition resulted in local 

tensile stress exceeding the strength of the bond.
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The location of the separation within the tubesheet base metal, 

bond line, or cladding base metal found in the observed samples is 

not considered significant since the origin of the failure is not known.  

The presence of cladding stratification similarly is not believed signi

ficant. The most probable cause of failure based on metallurgical 

observations is, therefore, believed to be local areas of partial or 

complete lack of explosive clad bond which propagated in the direction 

of the imposed stresses along the path of minimum resistance.  

The elongated, unrippled areas such as those illustrated in Figure 5-8 

were found in one sample from H. B. Robinson Unit "A" and all seven 

samples from Unit "C". These unrippled areas are believed to be 

unbonded regions formed during the explosive process which acted 

as "starters" for the separation phenomenon. The flat surface, 

if bonded, would not be typical of the explosive process. These 

areas were found though to a much lesser degree, in samples examined 

from Turkey Point but not found in the samples observed from Indian Point.  

The presence of many areas within the samples from H. B. Robinson, 

Turkey Point and Indian Point in which fracture occurred within either 

the low alloy steel tubesheet or the cladding base metal and not at the 

explosive bond line suggests that the explosive bond, per se, is strong 

and that failure was initiated at a remote location from these areas.  

The most probable failure initiation point is believed to be the flat 

unrippled regions.
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Damaged area prior to removal of separated cladding samples. Note 

protected lead shielding over tubes in upper right, stainless steel 

sheet for protection of second row of tubes, and asbestos protection 

for partition plate in lower left.

Figure 5-1. Damaged area with approximately 50% of separated 

cladding removed.
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Figure 5-2. Orientation of the specimens removed from samples 
obtained from Unit One at Carolina Power and Light's Robinson 
Plant. The smaller sample received the attempted decontamina

tion.
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General view of rippled fracture 
surface at 15X.

View of a dimpled area of the fracture 
surface at 350X. The particles men
tioned in the text can be seen.

Looking over a ripple peak into 
a valley at 150X. Same ductile 
(dimpled) fracture can be seen 
on edge of peak and to lesser 
degree in the valley.

View of the side of a ripple peak 
at 700X. The large particle is 
aluminum base material.

Figure 5-3 
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Figure 5-4-1. Cross-sectional photomacrograph of 
specimen two from H. B. Robinson.

Figure 5-4-2. 1OOX photomicrograph of Robinson specimen 
two showing a large amount of attached base metal indica
ting a good explosive bond in this region.
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Figure 5-4-3. 10OX photomicrograph of Robinson specimen two showing 
attached base metal and some Inconel which melted during explosive 
bonding.

Figure 5-4-4. 10OX photomicrograph of Robinson specimen two. Absence 
of cold work in Inconel surface indicates failure occurred in clad

ding away from the cold-worked Inconel surface.
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Figure 5-4-5. 10OX photomicrograph of Robinson specimen two.  
Failure occurred within the Inconel cladding away from the heavy 

cold worked explosive bond surface.

Figure 5-4-6. 400X photomicrograph of Robinson specimen two showing 

melt pocket caused by impingement of jet with Inconel ripple peak during 

bonding. Pieces of entrapped jet may be seen as well as much attached 
base metal on the Inconel surface.
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Figure 5-5-1. Macro-photograph of Robinson specimen three. Surface 

is parallel to ripples. The weld which joined two Inconel plates 

prior to explosive cladding can also be seen.

Figure 5-5-2. 10OX photomicrograph of Robinson specimen three. An 
Inconel melt pocket surrounded by attached base metal can be seen 
near top center.
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Figure 5-5-3. 10OX photomicrograph of Robinson specimen three.  
About two thirds of the Inconel surface is covered by attached 
base metal.

Figure 5-5-4. 10OX unetched photomicrograph of Robinson specimen 

three showing a continuous layer of attached base metal on the 
Inconel surface.
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Figure 5-6-1.  
extending from 
cladding was a 
samples.

Macro photograph of Robinson specimen four. A crack 
the fracture surface approximately half through the 
secondary effect of separation found on nearly all

Figure 5-6-2. 10OX photomicrograph of Robinson specimen four adjacent 

to crack seen in Figure 5-6-1. Lack of cold work in Inconel surface 
indicates failure in this region was within the Inconel away from the 

heavily cold worked ex-liosive bond.
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Figure 5-7. lOOX photomicrograph of Robinson specimen four showing 
portion of crack which extended from an unrippled area on the frac

ture surface.
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Figure 5-8. Hole in the center of cladding removed from "C" steam 

generator at Robinson Plant. The fusion welded center which replaced 

non-bonded Detaclad remained bonded to the tube sheet even when sur

rounding explosively bonded cladding failed in service.
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Figure 5-9. Unrippled surface typical of areas found on most samples 

from Robinson, to a lesser degree on samples from Turkey Point and not 

found on Indian Point specimens.  
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Figure 5-10. Location of specimens removed from Indian Point units 21 and 22. 'The 
numbered within each unit and the specimens are numbered within each sample.

samples are
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Figure 5-11. Macro photograph of the area from which Indian Point 

specimens 21-1-1 and 21-1-2 were removed. Most of the fracture is 

within the Inconel cladding itself away from the explosive bond line.

Figure 5-12. 40X photomicrograph of Indian Point specimen 21-1-1.  
The absence of cold work in the Inconel surface is due to fracture 

in the cladding away from the heavily cold worked explosive bond.
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Figure 5-13. 40X photomicrograph of specimen 21-1-2 from Indian 

Point, New York.. Impurity stratification and incipient failure 

within the cladding can be seen.

Figure 5-14. Macro-photograph of the fracture surface from which 

Indian Point specimens 21-1-3 and 4 were removed. Some fracture 

occurred in the Inconel but most at the explosive bond line.
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Figure 5-15. 40X photomicrographs of Indian Point specimens 21-1-3 
(above) and 21-1-4 (below). Note that cracking in the Inconel clad
ding has all begun in the explosive bond ripple "valleys" and extends 
from left to right.  
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Figure 5-16. 40X photomicrograph of Indian Point specimen 22-1-1. In
cipient cracking can be seen in the valleys of two explosive bond ripples.

Figure 5-17. Macro photograph of the area from which Indian Point speci
mens 22-2-1 and 22-2-2 were removed. Failure in this case was predomi
nantly at the explosive bond. Horizontal crack near top of photo was a 
secondary effect of failure caused by partition plate fillet weld.
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Figure 5-18. 40X photomicrographs perpendicular (above) and parallel 
(below) to the explosive bond ripples of Indian Point specimen 22-2-1.  

This appears to be sound cladding.  
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Figure 5-19. Macro-photograph of area from which Indian Point 
specimen 22-3-1 was removed. The circular ripples indicate this 

specimen is near the center of the original clad plate.

Figure 5-20. 40X Photomicrograph of specimen 22-3-1. The small 

ripples are typical near the detonation point of all explosive clads.  
This appears to have been sound cladding material.
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Figure 5-21. Fracture surfaces of two samples from Unit A (above) and 

Unit C (below) steam generators at Turkey Point, Florida. There appears 

to be a discontinuity in the ripples of the larger sample from Unit A 
and the fracture surface of one of the samples from Unit B lies over 
50% within the cladding.  
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Figure 5-22. 40X photomicrograph of cladding specimen from Turkey 
Point unit "C". Cracks can be seen originating in two explosive bond 
ripple valleys.
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Figure 5-23. 40X photomicrographs of specimens from Turkey Point 
Unit "A". Cracking can be seen within the cladding above. The lower 
picture is from an unrippled area on the fracture surface.  

5-33

I 4



,~ .~, ~ ~ __

Figure 5-24. Photomicrograph of specimen from Turkey Point unit "A" 

showing recrystallization parallel to the cladding rolling direction.

Figure 5-25. A flat, unrippled area on the fracture surface of a Turkey 
Point specimen. Such areas were also common at Robinson but were not 

found at Indian Point.  
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6.0 ANALYSIS OF EXPLOSIVE BOND CLAD STRESS

6.1 Computational Approach 

The stress distribution in the explosive bond clad at the juncture 

of partition plate to tubesheet is a consequence of the structural 

interaction between the partition plate, channel head and tubesheet 

under the pressure and thermal conditions to which the structure 

is subjected. The structural behavior of the partition is 

governed by the relative displacements of the channel head and 

tubesheet, which establish the edge boundary conditions for analysis 

of partition plate stress distribution. Hence, it should be 

recognized that the partition plate stresses and strains are 

deformation controlled and truly secondary in nature. Furthermore, 

the loading from the partition plate on the tube sheet clad bond 

region is limited to that maximum value consequent from yielding 

of the partition material. In addition, should failure of the 

partition-tubesheet juncture occur, it should be recognized that 

the design of the primary load carrying members (channel head and 

tubesheet) is such that the load would be sustained according to 

the stress limitations of Section III of the ASME Boiler and Pressure 

Vessel Code for Nuclear Vessels.  

Fundamental to the analytic approach, therefore, is computation of 

the edge boundary deformations of the partition plate dictated by 

the channel head and tube sheet free deformations. While it is 

recognized that the partition plate stiffness will act to support 

the channel head and tubesheet, an approach conservative to tube



sheet clad bond stress determination is utilized. Exclusion of 

partition plate stiffness allows utilization of axi-symmetric 

computer programs in determining free deformations of the head and 

tubesheet with the advantage of computational rapidity for the many 

cases to be evaluated. Nevertheless, analysis of the structure 

including the effect of partition stiffness has been performed to 

demonstrate the degree of conservatism in the simplified approach 

and allow evaluation of secondary stress systems.  

6.2 Operating Conditions Evaluated 

Of primary importance to the evaluation conditions is recognition 

of the fact that the tubesheet clad bond failure had occurred 

subsequent to hydrotest conditions (since clad un-bonding had 

been observed on several units not having experienced operation 

other than the functional testing). To demonstrate the relative 

severity of probable operating conditions, stress analysis has 

been performed for conditions of both accidental loss of secondary 

pressure (faulted) and normal load operation, since these are 

considered relevant to the structural evaluation of the repaired 

structure. The specific operating conditions considered in this 

study are as follows: 

Primary Secondary 
Condition Pressure/Temperature Pressure/Temperature 

Hydrotest 3106 psig/70°F 0 psig/700 F 

Accident 2485 psig/668 F 0 psig/668 F 

Normal Operation 2235 psig/603°F 770 psig/522°F



6.3 Axi-Symmetric Structural Analysis 

The deformation and stress distribution in the tubesheet-channel 

head-secondary shell structural complex excluding partition plate 

stiffness was determined using the axi-symmetric finite element 

program WRDC-AXELPL-1 in elastic solution mode. The finite element 

representation is shown in figure 6.3.1 and the nodal point locations 

in figure 6.3.2. Displacements and stress contours for the hydrotest 

case are shown in figure 6.3.3 (displacements) and figures 6.3.4 

(R Stress), 6.3.5 (0 Stress), 6.3.6 (Z Stress), 6.3.7 (RZ Stress) 

and 6.3.8 (Equivalent Stress).  

Similar deformation and stress distributions have been determined 

for the cases of loss of secondary pressure accident and normal 

operation. The tubesheet flexural stress along the tubesheet

partition divider lane for hydrotest, accident and normal operation 

are shown in figure 6.3.9.  

6.4 Partition Plate Structural Analysis 

Utilizing boundary displacement results from the aforementioned 

structural analysis for the partition plate edge boundary conditions, 

a plane stress/plane strain elastic-plastic finite element computer 

program WRDC-PLELPL-l was applied to determine the partition plate 

stress and strain distribution. The finite element representation 

is shown in figure 6.4.1. Nodal point locations are shown in 

figure 6.4.2.  

Solutions for the resulting deformation and stress distribution for 

the hydrotest case are shown in figures 6.4.3 (deformation boundary

6-3



conditions), 6.4.4 (X Stress), 6.4.5 (Y Stress), 6.4.6 (XY Stress) 

and 6.4.7 (Equivalent Stress).  

Similarly, stress distributions have been determined for the cases 

of accident and normal operation. The stress distributions for 

the cases of hydrotest, accident and normal operation have been 

summarized in figure 6.4.8. The material stress strain behavior 

assumed for the elastic-plastic analysis is shown in figure 6.4.9 

for the operating temperatures at the conditions evaluated. These 

values have been determined by correction of minimal properties 

to values determined from tests of actual partition material.  

6.5 Explosive Bond Clad Combined Stress 

In evaluating the stress distribution in the explosive bond clad 

region, it is recognized that the combined stress includes the 

combination of tubesheet flexural stress and the tractions on the 

tubesheet caused by interaction between the partition plate, channel 

head and tubesheet. While the traction of the partition plate 

normal to the tubesheet surface may be determined from the partition 

plate studies, consideration has been given the effect of the 

partition-tubesheet closure weld in reducing the traction stress 

on the explosive clad bond by virtue of the increased nominal 

cross section area to twice the partition plate thickness. Hence, 

the partition traction stress utilized in combination with the 

tubesheet flexural stress is considered reduced by a factor of two.  

To demonstrate the validity of the assumption, a plane strain 

elastic-plastic finite element solution was obtained for the local



stress distribution at the partition-tubesheet juncture for an 

assumed traction caused by 40,000 psi in the partition normal to 

the tube sheet surface. The finite element representation for this 

case is shown in figure 6.5.1 and the nodal point locations shown 

in figure 6.5.2. Assumed deformation boundary conditions are shown 

in figure 6.5.3 and the stress contours for partition tractions 

are shown in figure 6.5.4 (partition traction) and figure 6.5.5 

(equivalent stress distribution). Results approximately verify the 

assumed one-half reduction in partition traction stress.  

A combined bond stress of 71,720 psi is determined on Tresca 

basis for the hydrotest case by superposing the bond traction 

stress (23,920 psi) with the tubesheet flexure stress (-47,800 psi).  

This value is below the clad and tubesheet material ultimate 

strength of 95,000 and 85,000 psi, respectively. A similar study 

combining a tubesheet nominal stress (-52,000 psi) with partition 

load stress due to 1% partition strain (figure 6.5.6) indicates 

equivalent stress level of 52,000 psi at the bond, verifying the 

superposition technique conservatism.  

6.6 Effect of Partition Plate Rigidity 

In order to verify the conservatism of the foregoing approach, 

solutions for the stress distribution in the complete tubesheet

channel head-shell partition structural complex was obtained using 

the shell-plate representation of the structure in the finite 

element computer program ANSYS. The coarse mesh system is shown



in figure 6.6.1 (element representation) and figure 6.6.2 (nodal 

point locations).  

For the purpose of identifying the effect of partition rigidity, 

two elastic solutions for the hydrotest case were obtained; one 

assuming the actual partition modulus of elasticity and the other 

with a reduced modulus of elasticity (100,000 psi). Compared with 

the tubesheet central deflection for the unsupported case of .225 

inches, it can be seen that the tubesheet deflection of .128 

inches for the actual partition rigidity case is approximately 

57% of that for the unsupported case.  

Since the foregoing study results are based on completely elastic 

behavior of the partition, an additional study was made considering 

the elastic-plastic behavior of the partition material. The 

elastic-plastic solution for the hydrotest case yielded a central 

tube sheet deflection of .172 inches, or 76.5% of that for the 

unsupported tube sheet case.  

The tube sheet deflection results are summarized in figure 6.6.3 

for the hydrotest case. Figures 6.6.4 (elastic) and 6.6.5 (elastic

plastic) show the partition boundary stress distributions yielded 

from the elastic and elastic-plastic solutions, respectively. The 

channel head coarse mesh solution stress distributions are shown 

in figure 6.6.6 (maximum stress) and figure 6.6.7 (maximum shear 

stress). Channel head normal deflections on a plane perpendicular 

to the partition plate are shown in figure 6.6.8.



In further confirmation of the analytic procedure, a fine mesh 

ANSYS elastic solution for the hydrotest case was performed utilizing 

the element representation shown in figure 6.6.9. The fine mesh 

representation was chosen in quarter symmetry with element density 

such as to fit within the allowable computer core capability.  

The obvious advantage of the fine mesh is that it provides a more 

precise representation of the stress distribution within the 

critical structure components. Two solutions were obtained; one 

using the actual partition modulus of elasticity and the other using 

the reduced modulus (100,000 psi) to represent the absence of 

p artition rigidity. Because of the difficulty in identifying the 

element locations from the combined structure picture in figure 

6.6.9, additional component element representations are shown in 

figure 6.6.10 (tube sheet elements), figure 6.6.11 (partition 

elements) and figure 6.6.12 (channel head-shell elements).  

The results of the fine mesh elastic analysis for the hydrotest case 

are shown in figure 6.6.13 (tubesheet deflection), figure 6.6.14 

(partition stress), figure 6.6.15 (channel head stress), and 

figure 6.6.16 (channel head deflection). Figures 6.6.17 and 6.6.18 

indicate comparison of coarse and fine mesh solutions of tube sheet 

deflection with and without partition rigidity.  

As a result of the foregoing finite element solutions, it is 

concluded that the tubesheet deflection for the partition plate 

reinforced structure is less than that for the unsupported case.



Hence, the tubesheet stresses from the axisymmetric solution will 

be conservatively high. Therefore, a closer representation of the 

tubesheet stress in the combined stress determination would be to 

use a stress proportionately lower according to the ratio determined 

from the coarse mesh solution ratios of elastic-plastic to no 

partition case. In other words, a reasonable estimate would assess 

the tubesheet stresses at 80% of the axisymmetric case flexure 

stress.  

It should be noted that the values of unsupported tubesheet 

deflections determined from the axisymmetric case (.155 inches) 

and the three dimensional ANSYS solution (.186 inches) differ in 

magnitude. It is believed that the difference can be attributed 

to the fact that the ANSYS mesh representation consists of intersecting 

plate and shell elements while the axisymmetric solution contains 

a more detailed ring element mesh representation. The axisymmetric 

solution has been verified with photoelastic test models. Also, 

the plate element representation of the tubesheet provides less 

rigidity from the channel head and shell tubesheet boundary because 

of the effect of tubesheet thickness. In lieu of performing the 

complete three dimensional ANSYS solution (which would require 

core space exceeding that available), it is considered reasonable 

to utilize the percentage tubesheet deformation effect of partition 

rigidity in correcting the axisymmetric tubesheet stress results 

proportionately.
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6.7 Summary of Structural Analysis Results 

Table 6.7 summarizes the results of the structural analysis of 

the explosive bond clad under conditions of hydrotest, accident 

and normal operation. Listed are the component free relative 

expansions of the tubesheet center, channel head apex and partition 

together with the total relative expansion of the combination. The 

total relative expansion is considered a measure of the relative 

severity of the operating conditions evaluated from the point of 

view of partition traction on the tubesheet surface along the 

divider lane.  

Also summarized is the maximum partition traction stress including 

the correction of this traction at the explosive bond interface 

and the tubesheet flexural stress for both cases of supported 

and unsupported tubesheets.  

The combined (Tresca) explosive bond clad stress is listed for both 

cases of unsupported and supported tubesheet flexure. No correction 

for tubesheet support is made for the partition traction stress.  

This stress is determined from the full relative deformation between 

the channel, tubesheet and partition plate.  

Comparison of the computed combined stress is made with the 

engineering tensile strengths of both materiels on either side of 

the clad bond line. A ratio of clad and tubesheet material tensile 

strength to combined stress is made for cases of the supported and 

unsupported tubesheet evaluation. These are considered to be 

conservative estimates of the prevailing safety factor in the 

design.
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In addition, conservative estimates of maximum equivalent partition 

stress and strain are given for the partition material. These 

were determined from the unsupported tubesheet axisymmetric 

solutions and give a reasonable assessment of the strain range 

achieved in the partition material under each operating condition 

evaluated.  

It should be noted that residual stresses due to welding have been 

excluded from the analysis. While residual welding stresses normal 

to the partition plate would be generally tensile, the magnitude 

of such tractions are difficult to determine. Since hydrotest 

causes tensile strains in the partition in excess of the yield, 

the superposed effect will add to the hydrotest strains probably 

to a degree less than that caused by the hydrotest alone. Since 

the traction stresses on the bond are limited by the material yield 

strength, little change will result from the additional plastic 

traction strain due to welding. For the faulted accident condition, 

residual stresses have similarly little effect on increasing bond 

stress levels. For normal operation, the steady state nature of 

the welding residual stresses are such as to eliminate them from 

consideration in fatigue, since the effect on fatigue life reduction 

of steady state stresses has already been discounted in the Code 

fatigue strengths for these materials.
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6.8 Materials Test Results 

6.8.1 Significance of Materials Test Data 

In order to evaluate computed stress levels, a comparison was made 

with results of mechanical tests of explosive bond clad. Mechanical 

tests included tensile tests on explosive bond clad tubesheet 

forgings as well as laboratory mechanical tests of specimens removed 

from explosive bond clad tubesheet forgings. The test results 

provide for a comparison of tensile and fatigue strengths of 

explosive bond clad with and without defects and demonstrate the 

adequacy of weld deposited clad as well. In this way, data is 

provided for a basis on which to judge the adequacy of the repaired 

partition-tubesheet junctures. Of further significance in the 

repair justification is review of successful operation of those 

steam generators having weld deposited clad partition-tubesheet 

junctures.  

6.8.2 Tensile Tests on Explosive Bond Clad Tubesheet Forgings 

A series of experiments was designed to determine whether 

shrinkage and heat penetration due to welding can affect a reduction 

in joint strength of the explosive bond clad. Three partition 

material specimens were welded to the tubesheet clad face as 

shown in figure 6.8.2.1. Specimens (1) and (2) were designed such 

that restraining legs were provided to restrain the weld contraction 

and Specimen (3) was designed to allow free contraction during 

welding. Loads were applied with hydraulic jacks through the 

cruciform arrangement shown in the figure. Test results were as 

follows:
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Nominal Estimated 
Applied Inconel Inconel Bond 
Load Area Fracture Stress 

Specimen Lb. In.2  Stress, psi psi ** 

1 152,000 1.71 86,800 43,400 

2 330,000 3.47 95,200 47,600 

3 400,000* 6.0 66,700*** 33,400 

* Limited by Jack capability.  

** Area at bond equal to twice area of Inconel plate.  

*** Fracture occurred at Inconel to loading device weld.  

Additional observations on restrained specimens indicated a 

great degree of strain in the 2 inch length prior to fracture.  

Lift Prior % Strain In 
Specimen to Fracture 2 Inches* 

1 15/32 inch 23.4% 

2 9/32 inch 14.0% 

* Strains prior to fracture; actual strain at fracture higher.  

In all cases, it was observed (figures 6.8.2.2 through 6.8.2.4) 

that fracture of the specimens occurred within the Inconel partition 

material after extensive strain of the specimens. In no case did 

fracture occur at the bond interface. While the results did not 

yield the interface fracture strength, they demonstrated the 

strengthening effect of the increased weld cross section area due 

to weld build-up at the juncture. Furthermore, the tests of 

specimens welded under restraint showed no reduction in strength 

below that expected for the partition material alone.
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Other mechanical tests on explosive bond clad tubesheets yielded 

reduced fracture strengths where defective bond was locally 

present. These were tensile tests of round bars welded to the 

clad surface of the tubesheet without increased cross sectional 

area of weld buildup at the juncture. The tensile bar tests 

demonstrated a wide variation in tensile properties of the juncture 

where defective clad was present. In specimens welded to defective 

clad, tensile strengths as low as 23,600 psi were observed. (In 

such cases, the defective bond was removed and repaired or 

reapplied.) Furthermore, fracture of defective bond specimens 

all occurred at the bond weld interface, revealing the rippled 

appearance characteristic of that found on the steam generators 

having experienced separation. These tests demonstrated the 

features of the defective bond separation appearance and gave 

credance to the belief that clad separation is related to variation 

in tensile strength of the bond interface probably due to non

uniform control of the explosive bonding process.  

6.8.3 Laboratory Tests of Explosive Bond Clad Interface 

In order to provide a more careful assessment of explosive bond 

clad strength, a test program was conducted to provide a comparison 

of tensile and fatigue properties of explosive bond clad specimens 

(with and without defects) and weld deposit clad specimens. The 

specimens were obtained from clad tubesheet forgings as shown in 

figure 6.8.3.4. The explosive bond-tubesheet specimens contained 

small defects at or near the interface region in the explosive
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bond clad (Inconel 606) material at the crests of the bond 

interface wave.  

Two types of tensile tests were performed with tensile loading 

perpendicular to the bond interface and tensile loading in line 

with the bond interface. Results of tensile tests loaded 

perpendicular to the bond interface are shown in figure 6.8.3.1.  

They show reduction in ultimate strength for specimens with 

defective explosive bond below that for the bond in which defects 

were absent. Similar tests of weld deposited clad interfaces 

yielded tensile strengths of 80,000 psi and 80,200 psi. For the 

defec tive clad, fracture invariably occurred at the bond interface, 

while the explosive clad bond specimens without defects and the 

weld deposited bond specimens experienced fracture removed from 

the interface. Tensile strengths of the bond without defects 

was, in all cases, at a level commensurate with the parent material, 

or greater, as indicated by the reported tensile values of 84,050 psi, 

82,020 psi and 89,500 psi for the specimens without defects.  

Figure 6.8.3.2 shows results of tensile tests on specimens with 

the loading in line with the bond interface. It further shows 

tensile test results of the parent partition and tubesheet forging 

material. Fracture of the composite specimens occurred at slightly 

lower levels for the defective bond than that for the good bond.  

Of course, this is reasonable in view of the fact that the 

ultimate load carrying capability of the specimen is not a
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function of the interface strength, but is rather determined by 

the average strength of the parent materials. The characteristic 

of the explosive bond interface is such that fracture initiates 

at the interface (with or without defects) and proceeds into the 

parent material at either side of the wave. Similar tests with 

weld deposit clad specimens yielded tensile strengths (90,200 psi; 

88,800 psi) and elongations (27% and 24%) similar to the explosive 

bond specimens. Significant, however, is that the fracture 

initiation of the weld deposited clad specimens is unrelated to 

the bond interface while, for the explosive bond clad specimens, 

the interface is the fracture initiation source. Hence, it is 

reasonable to assume the ductility of the explosive bond interface 

is less than that for weld deposited clad.  

Fatigue tests were conducted to evaluate the fatigue strength of 

explosive bond clad with and without defects and weld deposited 

clad., Results for bending fatigue specimens at nominal strain 

ranges of .5% and 1.0% are shown in figure 6.8.3.3. Results for 

push-pull fatigue specimens are shown in figure 6.8.3.5. Tests 

of weld deposited clad specimens indicate fatigue strength of 

approximately the same magnitude as that for explosive bond clad 

specimens without defects (for .5% strain 4.85 x 104 cycles to 

failure);(f or 1.0% strain 6.31 x 103 cycles to failure). The 

fatigue test results shown in figures 6.8.3.3b and 6.8.3.5b 

have been plotted in comparison with the ASME Nuclear Pressure
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Vessel Code Section III Design Fatigue Curve. In all cases, the 

specimens showed fatigue strengths greater than that for the 

design curve. Explosive bond clad specimens without defects 

show fatigue strengths comparable to the parent materials and 

have safety margins above the design curves commensurate with 

that provided in the Code. Specimens. with defects show reduced 

fatigue strength, although the results remain within the design 

fatigue curve limitations.
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6.9 Partition Separation Observations 

Of significance in determination of the cause of explosive bond 

clad separation are observations of the fracture incidents 

related to the numbers of units in which separation had been 

experienced, the conditions under which failure had been experienced 

and the characteristic appearance of the failure in each unit 

including fracture surface appearance. Of further importance 

is the experience with weld deposited clad junctures in units 

having experienced successful operation.  

Out of a total of 33 steam generators with explosive bond clad 

surfaces, 9 had experienced separation. Of those units in which 

separation had been discovered, only 2 had experienced full 

load operation. In all other cases, separation had been discovered 

before and after hydrotest and after hot functional testing.  

Hence, it seems reasonable to conclude the restraint loadings 

during manufacture and stress relief were sufficient to cause 

separation, and operational loads were not involved.  

Examination of some of the units with clad separation indicated 

that the separation had not occurred completely across the partition 

divider lane. In one case it was observed that the partition 

had lifted from the center outward only on one half of the 

diametral lane.  

Examination of the fracture surfaces indicated in all cases the 

wave ripple appearance characteristic of explosive bond interfaces.
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The fracture surface was similar to that observed in fracture of 

defective tensile specimens in the laboratory and tube sheet 

forging pull tests mentioned in Section 6.8. Of further significance 

was the observed non-uniformity of wave pattern and, in one 

case, the absence of a wave pattern locally.  

Finally, in all cases it was noted that the fracture did not occur 

in regions where weld deposited clad had been applied at the tube 

sheet center or at the outer boundaries of the explosive clad 

region. In one case, it was observed that, while the entire 

diameter of explosive clad bonding under the partition plate had 

lifted, the center diameter of weld deposited clad had not 

experienced fracture, but sustained the loading from the entire 

pulling of the free sections of the partition. This is considered 

most significant in evaluating the str ength of the weld deposited 

clad utilized in the partition-tubesheet juncture repair weld.  

Historically, steam generators of identical design configuration 

with weld deposited clad have experienced no case of partition 

separation after extended periods of operation. This satisfactory 

experience is of further significance in evaluating the adequacy 

of the weld deposit clad repair.  

6.10 Discussion of Results and Conclusions 

As a result of the foregoing studies, it is recognized that the 

steam generator partition design, although simple in configuration, 

is one in which the partition plate acts to restrain the
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relative deformation between the channel head and tubesheet 

boundaries to which it is attached. In assessment of the cause 

of the partition-tubesheet juncture clad separation, an evaluation 

was made to determine whether the cause of failure is due to 

inadequacy of the design (in terms of excessive stress levels) 

or inadequacy of the explosive bond clad interface in sustaining 

the restraint loadings to which it is subjected.  

The stress distribution studies have indicated that, while the 

level of stress experienced in the partition is high under 

hydrotest conditions, the magnitude of stress in the explosive bond 

clad interface region is such that it would not result in fracture 

of the interface. Similarly, failure has not been experienced 

at the channel head-partition interface, and the stress 

levels appear to be well below that required for fracture under 

hydrotest conditions. Hence, it is found through the stress 

analysis studies that, for material properties at the bond interface 

having strength and ductility equivalent to the parent tubesheet 

and partition materials, fracture should not occur under the most 

severe hydrotest condition.  

Review of the materials test data for explosive bond clad interface 

indicates the possibility of defective bond consequent from the 

explosive bonding process. Tests on actual tubesheets as well as 

laboratory samples indicates a wide variation in bond interface 

properties can be experienced where the bond strength can vary
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from levels commensurate with parent material strength to levels 

below that necessary to sustain the partition restraint loadings.  

The appearance of the fracture surface of samples of the defective 

explosive bond clad is similar (if not the same) as that of the 

defective test samples in which reduced tensile strengths were 

observed. Furthermore, in all tensile tests of adequate explosive 

bond clad without defects, the fracture occurred in the base 

metal and not at the clad interface. Hence, there is reasonable 

belief that the observed ripple appearance of the fracture samples 

is indicative of bond defects to the extent of rendering the 

interface incapable of sustaining restraint loadings.  

There exist some steam generators with explosive bond clad which 

have sustained the restraint loading of the partition without clad 

separation. From this it appears that (as observed in the materials 

behavior tests) the explosive bond process can achieve an interface 

strength sufficient to sustain the restraint loadings experienced 

from hydrotest. In all experience with weld deposited clad, 

however, no case of bond separation has been experienced including 

those local areas of weld deposited clad on explosively clad 

tubesheets.  

On the basis of the foregoing studies it appears reasonable to 

conclude that the present partition design is such that it will not 

generate stress levels beyond the material strength capability.
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Separation has occurred primarily as a consequence of bond weakness.  

Weld deposited clad d oes not exhibit the strength variation 

experienced in explosively deposited clad and contains a more 

ductile interface. Experience with weld deposited clad interface 

indicates the repair using this type of clad process should provide 

the necessary strength to sustain the partition restraint load 

stress.

6-21



/ 

ELE.ENT GEOMETRY 

4i SERIES STEAM GENERATOR 

R AX IS 

Figure 6.3.1 

Page 6-22



13 

if, .o 

t," ox 

'N :P1T 

to S SA G 
V-, 

7 

~ \*~ P 

50 3 , ZF' 

P,6 \' \*' 

5 ' ' 

3 - l ;5 §2 

NODAL POINTS 

2 44 SEPI[S STEAM GENERATOR

0.b, 8. b1 
R AXIS

Figure 6.3.2 

Page 6-23



V.052 in.

.155 in

Dq SIUHS O;FiF I.Ei[ ATOR 

DVSPL. OF OT Lrtr-

R AXIS

Displacements Hydrotest 3106/0 psig 

Figure 6.3.3 

Page 6-24

i,--.



K

Maximum Ligament 
Average Stress 
47,830 psi 

0 o o 

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

-- S t r e s s --. .. " 

0 o o 0 

0 0 0 Cy0 . C-4 

- --- trs -- 

co 0I0 

+ 44 SERIES STEAM GENERATOR

0 0 
0 ---7o V -

0 
o 0 

0J

R STRESS

I

R AXIS
R Stress Hydrotest 3106/0 psig 

Figure 6.3.4 

Page 6-25



L

SMAX = 23342.7298 
SMIN = -16688.9692

-15000 
0 

15000

IMAX = 500 X 
IMIN 283 0

2 -12000 
7 3000 
12 18000

ISOSTRESS LINES 
3 -9000 
8 6000 
13 21000

3 ---- _---- - (: 

5V 

7 

10

44 SERIES STEAM G EERATOR 

0 STRESS

R AYIS

o Stress Hydrotest 3106/0 psig 
Figure 6.3.5 

Page 6-26

4 -6000 
9 9000

5 -3000 

10 12000 

If-

I4-i3



SMAX = 86228.f 
SMIN = -30431.J

-30000 
7500 

45000 
82500

8853 IMAX = 277 X 
1873 IMIN = 501 0 

ISOSTRESS LINES 
2 -22500 3 -15000 4 
7 15000 8 22500 9 
12 52500 13 60000 14

-7500 5 0 
30000 10 37500 
67500 15 75000

44 SERIES. STEAM GENERATOR

"Z STRESS'

Z Stress Hydrotest 3106/0 psig 

Figure 6.3.6 

Page 6-27

R AXIS



SMAX 18572.  
SMIN = -5721.f

-4500 
3000 
10500 
18000

3882 IMAX = 284 X 
8358 IMIN = 162 0 

ISOSTRESS LINES 
2 -3000 3 -1500 4 
7 4500 8 6000 9 
12 12000 13 13500 14

0 5 1500 
7500 10 9000 

15000 15 16500

44 SERIES STEAM GENERATOR

RZ STRESS

R AXIS

Figure 6.3.7 

Page 6-28



SMAX = 77868.  
SMIN = 853.2

0 
20000 
40000 
60000

3923 IMAX = 277 X 
726 IMIN = 522 0 

ISOSTRESS LINES 
2 4000 3 8000 4 
7 24000 8 28000 9 
12 44000 13 48000 14 
17 64000 18 68000 19

12000 5 16000 
32000 10 36000 
52000 15 56000 
72000 20 76000

a

44 SERIES STEAM GENERATOR

EQUIVALENT STRESS

R AXIS

Equivalent Stress Hydrotest 3106/0 psig 

Figure 6.3.8 

Page 6-29



7771 
F

f 

--------- 
-

-4
H

ITFFFITTiT~4.4-4-fl44444++U4LLLLLLLL1ILL1JLLl1 II I I III

ff--ii-i1 H---H-fH + .-FH Fi444 1
tiTh±W±nttLti-t t±±I-t+H-VH HtH-h+H-

-U

4L4 ~ 

H4...T

~t~t

HF-I

I I I I I

11±~

-I-I-H-HFH -H-H-HFiF

[4-4-14-44-I 1A44424I1IThUILLLLLEE~1J~I~TU

R - Stress

Ii + + 4-f [ H-f-I-4-4-4-A F -4-1--I 4+ 4-J-44fl-b4-I4-44-4-~-U-U-1-
~4t~4~BTh-L4

'14-

Equivalent Plate Stress

1:1:: 11111 Th1-h:h4hIT

:1 1 lii I[ [

Stress

Radial Distance from Tubesheet Center to Outer Radius R 

Figure 6.3.9a 
Tubesheet Flexural Stress (Hydrotest) 

Elastic Analysis

6-30

12

in I

4

THh~h-F

SH ....-I 41

11111,1

II 

14-2-

~- ~-,-'--. 4 - -.

0 1.R

v.

4 4

RTF T----

----------

-IjfFF 
-fR 

-Hi+

iI i I

HAHHHHPI!I Hiiii

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

I

h

10

I



1 - Stress

.2R .4R 
Radial Distance from Tubesheet

.6R .8R 

Center to Outer Radius

Figure 6.3.9b 
Tubesheet Flexural Stress (Accident) 

Elastic Analysis

6-31

-160 0

I -

Equivalent Plate Stress 

.... I ~ ~ ~I I I I T I I ... III I , . . i H 

,,~~ ~ Stress, .. ,,



16 

...... .----- ,'L , ... tF i~ tH H bH F- + 
14 

12 

1 0 - ---- ---

8 
4- -------

2 +T , -I

-- -2-- - --

-44 

-1 0 

0 ,2---- .-- Ilk 

-23 

i0~~ ....+ ....  

-6I till 

- 8. .... .... ..... : l l : l l ..  
I ~ ~ ~ ~ ~ ~ - -ll----lll---ll-l l 

-10 -----

-- - - n-- - - -1 

0, .2R .... .6RB 

Elasti Analysi 

+ ; 4 - i " i !f ii : ll f ,, , ..6 -l ll3 2i ,, l



10 

X AXA 

4q PAR PLAH'YDR ELAOLUTP* DE ELEEOMEODAL 

FIGURE 6.4.1 
PARTITION PLATE FINITE ELEMENT REPRESENTATION

6-33



X

10 Vo VV1 759p

0" N9l No" N5 0" 0, SO 0 

3:1 .9 ' 01, ~ 

9 N% 90 9o Ne 9999

X AX 
44- PAR PLAHYDR ELAOLUTP, DE ELEEOMEODAL 

FIGURE 6.4.2 
PARTITION PLATE NODAL POINT LOCATIONS
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DISPLACEMENT OF CONTOUR

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

.jEXRIE PARTITION PLATE 1-YDROTEST PLAS]IC SOLUTION P.DEROSA 

FIGURE 6.4.3 
PARTITION PLATE DEFORMATION BOUNDARY CONDITIONS
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X STRESS ISOSTRESS LINES

12750.00 
£3.5. 16500.00 
__/ __ 20250.00

13500.00 14250.00 15000.00 15750.00 
17250.00 18000.00 18750.00 19500.00 
21000.00 21750.00 22500.00 23250.00 
SMAX = 23698.4439 IMAX 7 X 

SMIN = 12106.0216 IMIN= 137 0

ie...  
MS ,

X AXIS 
44 SEhE. PAR-ITION PLATE HYDROI.St PLASTIC SOLUTION

FIGURE 6.4.4 PARTITION X STRESS (HYDROTEST) 10 3 psi
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Y STRESS 
24000.00 
31500.00 
39000.00 
46500.00

ISOSTRESS 
25500.00 
33000.00 
40500.00

LINES 
27000.00 
34500.00 
42000.00

28500.00 
36000.00 
43500.00

30000.00 
37500.00 
45000.00

X AX]S 
It" CR]FI PAmIIIOIW PLAIT IIYDOTi[SI PLASTIC SOLUTION

FIGURE 6.4.5 PARTITION Y STRESS (IYDROTEST) 103 psi
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XY STRESS .SQSTRESS LINES 
-1000.00 0.00 1000.00 
4000.00 5000.00 6000.00 
9000.00 10000.00 11000.00 
14000.00 15000.00 16000.00 

SMAX = 17840.1750

3000.00 
8000.00 
13000.00

X AXIS 
4. SERIES PARFITICN PLATE HYDROVEST PLASTIC SOLUTION P.DEROSA

FIGURE 6.4.6 PARTITION XY STRESS (HYDROTEST) 103 psi
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EQUIVALENT STRESS ISOSTRESS LINES 

27750.00 28500.00 29250.00 30000.00 30750.00 

31500.00 32250.00 33000.00 33750.00 34500.00 

35250.00 36000.00 36750.00 37500.00 38250.00 

0.00 39750.00 40500.00 41250.00 

SMAX = 41774.3733 IMAX = 21 X

X AXIS 
4i4 SFRI[S PARTMION PLATE HYDROlI7ST PLASIC SOLUTION

FIGURE 6.4.7 PARTITION EQUIVALENT STRESS (HYDROTEST) 1Q
3 psi
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Fow 6.5.l 
Finite 1leint Representation 
Partition-Tub~sboat Juncture
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figure 6.5.2 
Nodal Point Locations 
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Figure 6.5.3 
Deformation Boundary Conditions 
Tubasheet-Partition Juncture 

(Scale Factor " 2.9;1)
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Figure 6.5.4 
Partition Traction Stress 

Tubesheet-Partition Juncture
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Figure 6.5.5 
Equivalent Stress Distribution 
Tubesheet-Partition Juncture
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Free in Radial Direction 
Axial Displacement -0.1 in.

Figure 6.5.6 
Finite Element Representation 
Partition-Tubesheet Juncture
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Fisurs 6,5.7 
Equivalent Stress Distribution 
Tubesheet-Partition Juncture
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FIGURE 6,6.1 COARSE MESH ELEMENT REPRESENTION
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164 
171

185

FIGURE 6.6.2 NODAL POINT LOCATIONS COARSE MESH REPRESENTATION



A 
B= 
C=

LEGEND: 
A = Elastic - W/Partition Plate 
B = Elastic/Plastic - W/Partition Plate 
C = Elastic - No Partition Plate 

Positive Deflection =f

FIGURE 6.6.3 
HYDROTEST CASE,

TUBE SHEET DEFLECTION (INCH) 
ANSYS SOLUTION - COARSE MESH

6-52



48,219

22 

Narmal Stress (psi)

52,563

17,458

Shear Stress (psi) 

12,258 

FIGURE 6.6.4 BOUNDARY STRESSES 
PARTITION PLATE ELASTIC ANALYSTS RESULTS 

HYDROTEST CASE, ANSYS SOLUTION - COARSE MESH
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4,493 

Shear Stress (psi)
31,741

Normal Stress (psi) 

Elastic (in/in) Plastic (in/in)

C 
x 

C 
y 

C 
xy 
C z

.000467 

= .000949 

= .000744 

= -.000714

.000298 

.002032 

.003284 

-.002331

C(Generalized) = .004390

Maximum Strain 
Element 37

FIGURE.6.6.5 BOUNDARY STRESSES 
PARTITION PLATE ELASTIC-PLASTIC ANALYSIS RESULTS 

=KDROTEST CASE, ANSYS:SOLUTION i COARSE-MESH
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Tube Sheet 
Centerline

Partition 
Plate 
Centerline 

SA = 14562 
B = 12990 
C = 10188

Legend: 

A = Elastic Analysis - W/Partition Plate 

B = Elastic-Plastic Analysis - W/Partition Plate 
C = Elastic Analysis - No Partition Plate

FIGURE 6.6.6 CHANNEL HEAD MAXIMUM STRESS (PSI) 
HYDROTEST CASE, ANSYS SOLUTION - COARSE MESH
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Tube Sheet 
Centerline

A 11324) 
B = 13276J 
C = 15575]

Partition 
Plate 
Centerline

1818 
1474 
399

Legend:

A = Elastic Analysis - W/Partition Plate 
B = Elastic-Plastic Analysis - W/Partition Plate 
C = Elastic Analysis - No Partition Plate 

FIGURE 6.6.7 CHANNEL HEAD MAXIMUM SHEAR STRESS (PSI) 
HYDROTEST CASE, ANSYS SOLUTION - COARSE MESH
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,Partition Plate Centerline

25.0 /

/ 
I

31.7
33.4

W/Partition Plate, Elastic Analysis 

W/Partition PlateElastic/Plastic Analysis 

No/Partition Plate, Elastic Analysis 

FIGURE 6.6.8 CHANNEL HEAD DEFLECTIONS (10- 3 INCHES) 
HYDROTEST CASE, ANSYS SOLUTION - COARSE MESH
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FIGURE 6.6.9 ANSYS MODEL 
FINE MESH ELEMENT REPRESENTATION

CHANNEL HEAD

6-58



FIGURE 6.6.10 
TUBE SHEET ELEMENT PATTERN 

FINE MESH SOLUTION
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FIGURE 6.6.12 CHANNEL HEAD - STUB BARREL MODEL 
FINE MESH SOLUTION 
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A = .061 
B =. 100

A = .083 
|B = .139

A = .036 
B = .058

,A = .101 
1B = .169

A = .0121 
B = .017,

A= 
B=•

JA = .111 = .186 

B = .037 
B = .056

{A = .087 B = .137

A = .111 
B =.186 

{= .103 
= .167

= .183 
=.183

A.

{A = .063 B = .098

LEGEND: 
A = ELASTIC ANALYSIS - W/PARTITION PLATE (SUPPORTED) 
B = ELASTIC ANALYSIS - NO/PARTITION PLATE (UNSUPPORTED) 

FIGURE 6.6.13 TUBE SHEET DEFLECTION (INCH) 
HYDROTEST CASE, ANSYS SOLUTION - FINE MESH
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NHMAL ST.RESS (PSI) 

SHEAR STRESS (PSI)

27109

15704

1535

FIGURE 6.6.14a BOUNDARY STRESSES 
PARTITION PLATE - ELASTIC ANALYSIS RESULTS 

HYDROTEST CASE, ANSYS SOLUTION - FINE MESH
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4335 1'

8363

16641

MAXIMUM SHEAR STRESS (PSI)

17644

26491

J-r60 23259 

16060 16189

FIGURE 6.6.14b BOUNDARY STRESSES 
PARTITION PLATE ELASTIC ANALYSIS RESULTS 
HYDROTEST CASE, ANSYS SOLITIO'T - FINE MESH
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Tubesheet Centerline

47836

5342

17090

Partition 
Plate 
Centerline

MAXIMUM PRINCIPAL STRESS (PSI)

Tubesheet Centerline

16352 E 
11416

8335

Partition 
Plate 
Centerline

MAXIMUM SHEAR STRESS (PSI) 

FIGURE 6.6.15 CHANNEL HEAD, ELASTIC ANALYSIS STRESSES 
HYDROTEST CASE, ANSYS SOLUTION - FINE MESH
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Partition Plate Centerlik
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"-" --- 36.1 
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ELASTIC ANALYSIS, W/PARTITION PLATE 

ELASTIC ANALYSIS, NO/PARTITION PLATE

FIGURE 6.6.16 CHANNEL HEAD DEFLECTION (10- 3 INCH) 
HYDROTEST CASE, ANSYS SOLUTION - FINE ESH-
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Table 6.7 Results of Stress Analysis 

Reference 

(1) Tubesheet Center Free Deflection, inches Sect. 6.3/Fig. 6.3.3 

(2) Channel Head Apex Free Deflection, inches Sect. 6.3/Fig. 6.3.3 

(3) Partition Plate Free Expansion, inches Thermal Expansion 

(4) Total Relative Expansion, inches Combine (1)(2)(3) 

(5) Maximum Partition Traction Stress 
(elastic plastic solution) psi Sect. 6.4/Fig. 6.4.5 

(6) Explosive Bond Traction Stress, psi Sect. 6.5 

(7) Tubesheet Flexure Stress (center), psi 
Analysis without partition support Sect. 6.3 
Analysis with partition support Sect. 6.6 

(8) Combined Tubesheet and Bond Traction Stress,psi Sect. 6.5 
Analysis without partition support (6)+(7) 
Analysis with partition support (6)+(7) 

(9) Maximum Partition Equivalent Strain, in/in Sects. 6.3/6.4 
(Analysis without partition support) 

(10) Maximum Partition Equivalent Stress, psi Sects. 6.3/6.4 
(Analysis without partition support) 

(11) Tubesheet Forging Tensile Strength,psi (approx) Mtls. Test Data 

(12) Inconel Clad Tensile Strength, psi (approx) Mtls. Test Data 

(13) Ratio of Bond Tensile Strength to Combined Stress 
Inconel Clad Side (supported/unsupported) (12) (8) 
Tubesheet Forging Side (supported/unsupported) (11)i(8) 

(14) Maximum Channel Head Stress, psi (apex region) Sect. 6.6/Fig. 6.6.15

Hydrotest 
-.155 

.052 

0 

.207 

47,830 

23,920

Accident 
-.135 

.290 

.277 

.148 

41,560 

20,780

Normal 
-.066 

.248 

.248 

.066 

36,630 

18,320

-47,800 -36,017 -18,880 
-38,240 -28,810 -15,100

71,720 
62,160 

.012 

41,770 

85,000 

95,000 

1.52/1.32 

1.37/1.18 

17,090

56,790 
49,590 

.0056 

37,250 

80,000 

90,000 

1.81/1.58 
1.61/1.40

37,200 
33,420 

.00374 

32,970 

80,000 

90,000 

2.69/2.42 
2.39/2.15
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PULL TEST SPECIMEN (1) FRACTURE INITIATION 

FIGURE 6.8.2.2 
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PULL TEST SPECIMEN (1) FRACTURE APPEARANCE 

FIGURE 6.8.2.3 
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SA-508

Inconel 606

Specimen # 

D- 1 

D- 2 

D- 3 

ND-I 

ND-2 

ND-3

L x W 

.515 x 

.535 x 

.475 x 

.490 x

.234 

.236 

.232 

.220

.485 x .225 

.455 x .227

Area 

.121 

.126 

.110 

.108 

.109 

.103

Ult # 

6,940 

6,860 

6,140 

9,060 

8,940 

9,220

Ult Stress 

57,400 

54,400 

55,800 

84,050 

82,020 

89,500

Remarks 

Broke in exp.  

Broke in bond 

Broke in bond 

Broke in spec 
& not in exp.  

Broke in weld 

Not exp. bond 

Broke in weld 

Not exp. bond

D - Defective Clad 

.ND - No Defects in Clad

FIGURE 6.8.3.1 TENSILE TEST RESULTS 
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FIURI 

FIGURE 6.8.3.2 TENSILE TEST RESULTS

Thk. Width

.318 

.316 

.314 

.313 

.301 

.313 

.311 

.311

Bond Without Defects 

.247 .31.5 

.241 .313 

.242 .319 

.245 .309

Area 

.0795 

.08 

.0798 

.0787 

.0753 

.0783 

.0784 

.0768

.0778 

.0754 

.0772 

.0757

Ult.  
Load 

8,300 

8,460 

8,440 

8,230 

6,830 

7,120 

7,080 

7,0r0

7,600 

7,660 

7,650 

7,370

Ult.  
Stress 

104,400 

105,750 

105,760 

104,570 

90,700 

90,930 

90,300 

91,270

97,600 

101,600 

99,000 

97,400

Bond With Defects

.309 

.309 

.312

.0766 

.0766 

.0777

6,840 

6,540 

6,950

89,300 

85,400 

89,400

Broke outside 
gage length 

28% 

28%

6-75

Specimen 
No.  

Inconel 

1 

2 

3 

4 

Mag Moly 

5 

6 

7 

8

.250 

.253 

.254 

.251 

.250 

.250 

.252 

.247

Yield 

46,900 

48,000 

46,750 

48,800 

69,320 

69,400 

69,270

86,370 

82,200 

84,970

Elong.  

59% 

60% 

56% 

58% 

29% 

25% 

29% 

32%

28% 

29% 

29% 

29%

Exp.  

T 

U 

V 

W 

Exp.  

Q .248 

.248 

.249

77,540



FIGUI 

Bending Specimens 

Type 
MN 

MM 

I 

No Defects 

No Defects 

Defects 

Defects

FATIGUE BEND TESTS 

SPECIMEN DETAILS

RE 6.8.3.3a

% Strain 

.5% 

.5% 

.5% 

1.0% 

1.0% 

1.0% 

.5% 

.5% 

.5% 

1.0O 
1.0% 

1.0% 

.5% 

.5% 

.5% 

1.0% 

1.0% 

1.0% 

.5% 

.5% 

.5% 

1.0% 

1.0% 

1.0%

Cycles to Failure 

6.44 x 104 

6.36 x 104

8.53 x 
2.13 x 

6.95 x 

6.96 x 

7.45 x 

8.83 x 

9.40 x 

6.00 x 

7.10 x 

4.07 x 

5.78 x 

5.72 x 

7.46 x 
4.98 x 

6.65 x 

4.17 x 

2.62 x 

2.78 x 

3.66 x 

3.61 x 

1.80 x 
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J) 
Average 

Cycles to Failure 

4 
6.40 x 10 

5.87 x 103 

7.75 x 104 

7.50 x 103 

5.19 x 104

103 

103 

103 

104 

104 

104 

103 

103 
103 

104 

lO4 

104 

103 

103 

103 

104 
104 
104 

103 
103 
10)3

6.36 x 103

3.19 x 104

3.02 x 103



0

102
Number of Cycles



0 0 
FIGURE 6.8.3.4 

Ligament Stress Distribution 
and Test Specimen Orientation 

Stress 
Specimen Distribution 
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PUSH-PULL FATIGUE TESTS

Specimen No.  

1 PP 

2 PP 

1 PP 

2 PP 

1 PP 

2 PP 

3 PP 

4 PP 

1 PP

Specimen Type 

I (Inconel)

MM (Mag Moly) 

MM 

Load Parallel to axis 

'I 

'I

Load Perpendicular 
to axis

Area 

.0782

.0782 

.0758 

.0703 

.0737

.0999 

.0753 

.0771 

.0759

% Strain 

.5 

1.0 

.5 

1.0 

.5 

.5 

1.0 

1.0 

.5

.5 

1.0 

1.0

Cycles to Failure 

1.53 x 105 

Pulled 

1.82 x 104 

Pulled 

2.57 x 104 

1.72 x 104 

1.89 x 10.  

Lost Strain Gage 

1.69 x 104

1.79 x 104 

1.14 x 103 

1.99 x 103

Figure 6.8.3.5a
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0

Number of Cycles 

Figure 6.8.3.5b

0



7.0 EXPLOSIVE CLADDING DEVELOPMENT AND EVALUATION OF BOND STRENGTH TESTS 

Explosive welding is a process which became popular in the early 

1960's and is principally marketed by the DuPont Company under the 

trade name of Detaclad. Technically, it is based on the fact that 

two metal surfaces free of surface contamination will form metallic 

bonds if brought into close enough proximity. The normal conditions 

for metallic atoms is deep within the metal where attractive forces 

are satisfied on all sides by other metallic atoms. Surface atoms, 

however, have some sides or zones on which these forces are not satisfied 

and, therefore form a high energy area. Normally these high energy sur

face atoms equalize bonding forces by combining with available atoms in 

the atmosphere, for example by forming iron oxide or aluminum oxide. The 

surface bonding requirements are then satisfied and exhibit no attraction.  

for other metallic surfaces. If, however, these surfaces could be pre

vented from combining with atmospheric elements until another metal surface 

similarly maintained can be brought into contact with the first surface, 

these two surfaces will combine with each other and satisfy the high energy 

situation in the same manner it was previously satisfied by atmospheric 

elements. A metallurgical bond then will have occurred.  

This effect is achieved by means of explosives in the following manner 

for a steam generator tubesheet. Two Inconel plates .25" thick are 

welded together side-by-side by an electric arc welding process. This 

weld is ground flush with the surface and the combined plates are cut 

into a circle of proper diameter for the particular design tubesheet to 

be-clad. This circular Inconel plate is suspended a controlled



distance above the tubesheet disc surface and is coated with a 

predetermined amount of explosive. A detonator is placed above 

the center of the assembly and the charge is fired. The explosive 

ignites radially outward from the center of the cladding circle. As 

the detonation front moves outward it forces the cladding plate against 

the tubesheet surface, the cladding material impacting the tubesheet 

surface at a constant angle which moves outward from the center at 

the same velocity as the detonation front. The mechanics of the impact 

force a "jet" of material from the two impinging surfaces into the area 

ahead of this closure angle and eventually extrude this material from 

between the two surfaces leaving behind two high energy surfaces pressed 

into intimate contact. Since the previously defined conditions for 

welding have been met, a metallurgical bond is then achieved.  

The Westinghouse unit at Zorita, Spain was the first unit to be clad 

with this new solid state welding process - explosive bonding. The 

Zorita unit was clad with Inconel 600 plate but all subsequent 

explosive clad units were clad with Inconel 606. Inconel 606 is a 

similar material to Inconel 600 except for certain chemical additions, 

principally titanium, making it closer chemically to weld deposited EN-82.  

Inconel 606 provides a more compatible material for tube-to-tubesheet 

welding of the cladding to the Inconel 600 tubes. The explosive bonding 

process was utilized for cladding the primary tubesheet surfaces of all 

subsequent Westinghouse nuclear steam generators until a testing and 

evaluation program conducted at the Tampa Division during the spring of 1969



indicated that the quality of explosive cladding had varied to-a 

point where it was no longer of consistently acceptable quality. This 

factor, plus an ecomonic study led to the decision to return to the 

arc welding procedure for tubesheet cladding.  

The following section is a brief summary of the development of 

explosive cladding for use on steam generator tubesheets.  

7.1 Explosive Cladding Development 

The application of explosive cladding for heat transfer apparatus was 

first investigated in November 1962 when the first Inconel clad test plate 

was received for evaluation. The surface of the test plate was liquid 

penetrant inspected to Nuclear Standards and showed no indications.  

Ultrasonic inspection showed lack of bond around the edges, confirming 

expected results. Mechanical test specimens were machined from the 

plate as follows: Transverse side bends and longitudinal side bends in 

the "as received" condition showed no separation of bond or other defects.  

Additional side bend specimens were heat treated according to the following 

schedule: 

1. One specimen was heated to 1600 0F and air cooled.  

2. Another specimen was heated to 1600OF plus an additional hold 

at 1200 0F and air cooled.  

3. Transverse and longitudinal side bend specimens were thermally 

cycled at 1125 0F, held three hours for each cycle.  

After the above thermal treatments were completed, all specimens were 

tested and found free of defects.



An additional welding test consisting of a 3/4" thick Inconel plate 

welded to the cladding was made to simulate the partition plate 

weldment. Transverse tensile tests failed in the base steel, and the 

side bend specimens failed away from the clad bond line.  

In order to determine the effectiveness of the cladding on a full 

scale production unit, a full size 52" diameter feedwater heater tube 

plate was explosively clad with a Monel 42" diameter plate. Non-destruc

tive testing in the form of ultrasonic and dye penetrant to Nuclear 

Standards was successfully completed. This cladding was then subjected 

to thermal treatment at 1125 F and reinspected by ultrasonic and dye 

penetrant methods. The cladding was then completely machined off the 

tube sheet and no evidence of bond failure was found. The end result 

of this evaluation was a fully qualified cladding procedure meeting 

ASME Standards.  

The first production nuclear application of explosive cladding was made 

in October 1964 on the Zorita steam generator tube plate. The Inconel 

cladding was ultrasonically and penetrant inspected to Westinghouse and 

nuclear standards and accepted.  

At the time of the NOK, Beznau I separation, explosive cladding had 

been reduced to a routine production operation.  

The number one unit being manufactured in Westinghouse's Heat Transfer 

Division for NOK's Beznau I nuclear power plant exhibited the first



problems incurred with explosive cladding. The tubesheet, channel 

head and partition plate had been welded into the final assembly 

and the unit had been stress relieved when it was discovered that the 

cladding along the center lane had sepa rated from the forging. The 

conclusions drawn from the subsequent investigation were that the 

partition plate had overheated and yielded in compression during the 

stress relief due to the localized application of resistance blankets 

and upon cooling, the shortened partition plate cooled faster than the 

channel head - tube plate assembly and the resulting tensile stress was 

high enough to pull the cladding from the forging. A more detailed 

description of this incident is included in Section 2 of this report.



8.0 REPAIR ALTERNATIVES 

8.1 Methods Considered 

In the evaluation of the cladding separation problem, several 

alternative methods of repair were considered. These methods are 

outlined below along with an explanation of the basis for acceptance 

or rejection of each alternative.  

8.1.1 Slot in Partition Plate 

This alternative method of repair was considered for units where 

the explosive bonding was determined to still be sound and intact.  

The repair procedure would entail cutting a slot in the partition 

plate a few inches below the tube plate face to relieve the loading 

transmitted through the partition plate to the tube plate forging 

when the unit is subjected to primary side pressure. Many versions 

of this design were considered to allow movement of the tube plate 

relative to the partition plate and yet provide a rigid structure 

that would limit leakage from the inlet to the outlet side of the 

chamber; one that would prevent harmful vibration of the partition 

plate and one that would be free from galling problems. The studies 

revealed that such a change would not be in the conservative direction 

and this method was, therefore, not selected even though it would be 

for several reasons the least difficult to perform.  

8.1.2 Weld Bead Temper 

The use of the weld bead temper method allowed in ASME Code Case 1401 

was considered to weld overlay clad the centerlane. In this method the 

explosive bond cladding that had separated would be removed from the
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tube plate face underneath the partition plate and restored in 

accordance with the requirements of Case 1401. The partition plate 

would subsequently be rewelded to the reclad tube plate. As 

presently written Code Case 1401 allows this method of repair in 

areas equal to or less than 10 square inches. The requirements for 

the case furthermore dictate that the welding should be completed at 

a minimum preheat temperature of 350 0F. Largely because of this 

severe preheat requirement in the confined space of the primary 

coolant channel and because of the 10 square inch limitation, this 

method of repair was not selected. The desirable aspect of this 

method, elimination of the post weld heat treatment requirements, 

therefore, could not be utilized.  

8.1.3 Reclad and Post Weld Heat Treatment 

This method of repair consists of removing the separated explosive 

cladding and manually repairing with weld deposited cladding. After 

the cladding restoration the entire tube plate is post weld heat 

treated at a temperature of 1000 0F minimum. Subsequent to heat treatment, 

the partition plate is rewelded to the weld deposited cladding by the 

same method of construction utilized in the Westinghouse manufactured 

steam generators after the time that the explosive cladding method was 

started in 1964. Because of the favorable experience with this method 

of manufacture, a decision was made to utilize it in the repair of all 

of the units where separated cladding existed even though this procedure 

is the most difficult to perform. Section 9 includes a more detailed 

explanation of the general repair procedure. The Appendix (Section 12) 

includes the exact procedure followed at the plant.



8.2 Evaluation of Units With Sound Clad Bond 

Insofar as practical, all units manufactured with the explosive cladding 

were examined and some were found to have a clad bond that had withstood 

the hydrostatic test pressure and hot functional testing without fail

ur. It was concluded that these units should operate through the life 

8-3 of the plant without failure. In view of the analytical studies per

formed, it was apparent that if the clad bond had withstood the hydro

static pressure that it would have a high probability of safe operation.  

In any event, the consequences of a failure would not create a safety 

hazard and the primary to secondary leakage as evidenced from the 

Carolina-Robinson plant would be minimal.
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9.0 RESTORATION OF EXPLOSIVE BONDED CENTERLANE CLADDING 

A detailed restoration procedure has been written for each specific 

plant, which meets the ASME Nuclear Pressure Vessel Code, Section III; 

ASME Welding Qualifications, Section IX; and the highest commercial 

nuclear standards. The detailed procedure including quality 

control records and results for each plant will be provided in the 

Appendix (Section 12) of this report. Only a brief summary of the 

restoration procedure is being provided in this section of the report.  

There are four general categories of cladding repair situations as 

illustrated in the table below.  

_____________________Radioactive Non-Radioactive 

Separated Cladding I Ii 

Non-separated Cladding III IV 

The basic restoration procedures, other than normal precautions, are the 

same for the radioactive and non-radioactive situations. The major 

difference is a function of the cladding separation phenomenon and,' 

therefore, only the separated and non-separated procedures will be 

discussed in this section.  

9.1 Restoration Procedure for Non-Separated Condition 

Since the cladding has not separated and caused the accompanying tube 

damage and associated difficulties in affecting cladding restoration 

in close proximity to the first tube row, only the explosive cladding 

in- the centerlane is removed.



The basic sequence of steps followed in this procedure are as follows.  

Wooden flooring and protective tube caps or covers are installed. N ext 

the cladding at the toe of the partition plate weld is ground and/or 

arc-air cut to base metal. The partition plate is then cut at the 

tube plate juncture for the full length. A sketch illustrating the 

cutting operations is provided in Figure 9-1.  

Following removal of the severed section of partition plate and 

explosive cladding, the remaining bonded portion of the cladding is 

arc cut away and ground clean to base metal. After dye penetrant 

inspection of the tubesheet base metal and cladding bond line the 

centerlane is manually weld overlayed with Inconel electrode, ground, 

if necessary, and dye penetrant inspected. The partition plate weld 

geometry is restored at this time to a 45 0 double bevel with 1/8" land 

by arc air and grinding and the first row of tubes is dye penetrant 

inspected to detect possible damage resulting from the repair operations.  

A secondary side hydrotest at 800 psi is performed which is then followed 

by post weld heat treatment in accordance with ASME Boiler and Pressure 

Vessel Code, Section III, Article 5, paragraphs N-532 and N-533.  

Upon completion of the post weld heat treatment and dye penetrant 

inspection of the cladding restoration, the partition plate is manually 

welded to the weld overlay cladding by a full penetration weld and 

completed fillet. The completed repair configuration is illustrated in 

Figure 9-2.
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After again dye penetrant inspecting the completed weld including 

the accessible manual cladding, the secondary side 800 psi hydrostatic 

test is repeated. As a final test ultrasonic inspection of all 

accessible areas between the first row of tubes and explosive/manual 

weld tie in is performed. Extensive cleaning of all accessible areas 

of the primary coolant chamber completes the restoration procedures.  

9.2 Restoration Procedure for Separated Condition 

Due to the fact that minor tube damage has occurred and the integrity 

of the tube-to-tubesheet weld may have been violated, the restoration 

procedure is somewhat more involved. Figure 9-3 illustrates the 

condition existing with the separated cladding.  

The cladding and partition plate are cut and removed as in the previous 

section (section 9.1) however, the cladding is removed up to and 

including the first row of tubes. The first row tube ends are also 

ground flush with the base metal.  

The prepared base metal and bond line are next dye penetrant inspected, 

the tube ends are deburred, and tapered carbon steel plugs are inserted 

in the tube ends. The plugs are driven and ground flush with the tube 

end and base metal. The centerlane including the first row of plugged 

tubes are then manually overlay welded. The restoration procedure is 

then completed exactly as in the previous non-separated condition.  

Figure 9-4 is an illustration of the completed configuration.
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9.3 ASME Code Compliance of the Cladding Restoration Procedure 

The repair welding procedures and operators have all been carefully 

qualified in accordance with the ASME Section III and IX requirements.  

In order to provide assurance that the entire clad area receives a 

post weld heat treatment in accordance with the ASME Code requirements, 

the clad deposit surface is instrumented with thermocouples on each 

side of the partition extending the full length of the clad repair.  

In addition, thermocouples are mounted on the outside diameter of the 

tube plate to assure satisfactory thermal gradients in the tube plate 

area. See Figures 9-5 and 9-6 for general location of thermocouples.  

After post weld heat treatment, the repaired cladding is examined 

by the liquid penetrant method in accordance with ASME Code, Section III 

and the secondary side of the steam generator is subjected to a hydro

static pressure test of 800 psi so that a detailed examination can be 

made of the repaired cladding and the adjacent tube welds. In addition, 

UT spot checks are made throughout the surface of the explosive cladding 

providing assurance that the post weld heat treatment has not caused 

other areas of the explosive bonding to become separated. In order to 

provide assurance that the weld between the channel head and tube plate 

is not adversely affected during heat treatment, this area is 

scheduled for a complete UT base line mapping in accordance with the 

ASME Section XI Code for in-service inspection.

9-8



FOUR THERMOCOUPLES 90o APART

FIGURE 9-5 - THERMOCOUPLE LOCATIONS ON 0.1. OF TUBESHEET



23 TUBES (TYP)

23 TUBES (TYP)

PARTITION PLATE

IST ROW OF 
TUBES

r, 0

TUBESHEET FORGING

0 6\1 FK 6

NQThs 
\\\\ INDICATES RESTORED 

CLADDING

FIGURE 9-6 - TYPICAL THERMOCOUPLE LOCATIONS 
ON TUBESHEET FACE

I INDICATES 

(16 TOTAL

9-10

ON TUBE)



10.0 ADEQUACY OF RESTORED STEAM GENERATORS

10.1 Stress Analysis of Restored Steam Generator Partition 

Structural analyses of the steam generator partition for the 

significant operating conditions of hydrotest, loss of secondary 

pressure accident and normal operation were performed. Results 

indicate that the partition plate stresses and strains consequent 

from loadings under these conditions are within the stress.  

limitations of the ASME Boiler and Pressure Vessel Code Section 

III for Nuclear Vessels. It is important, in review of these 

analyses to recognize the secondary nature of the partition stress 

system and that the partition plate, although connected to the 

primary load carrying members, does not act to sustain the primary 

loads themselves. The capability of the primary side channel 

head and tubesheet structural members to sustain the primary 

side pressure has not been impaired by the clad separation and 

results of the separation incidents show the ability of these 

members to sustain the loads. Hence, the steam generator 

19-1 partition, restored with weld deposit clad provides a structural 

design consistent with Code requirements.  

10.2 Adequacy of Weld Deposit Clad Repair 

10-1 Materials test results described in Section 6 demonstrate 

the effect of deficiencies in the explosive bond clad weld on 

reducing the load carrying capability of the bond interface. The 

tests clearly indicated the strength of weld deposited clad bond
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interface as well as the ductility of the interface. Since the 

clad separation incidents have been related to explosive bond 

interface deficiencies, the lack of adverse history with weld 

overlay bond clad subjected to similar loadings on similar 

designs serves as a demonstration of the adequacy of such a 

process. The stress analysis results of Table 6.7 for the 

combined stress at the partition-tubesheet interface indicate 

that the stress levels are within the material capability to 

sustain such stresses. On this basis, it is concluded 

that the repaired steam generator partition-tubesheet juncture 

weld will sustain the expected loadings throughout the anticipated 

lifetime of the structure.  

10.3 Adequacy of Plugged Tube Welds 

Under normal operating conditions, the steam generator tubes are 

subjected to loadings consequent from a primary pressure of greater 

magnitude than that of secondary pressure. The tubes are designed 

to sustain, within Nuclear Pressure Vessel Code stress limitations, 

the maximum internal pressure possible under loss of secondary 

pressure conditions. The plugged tube welds are designed to give 

tube weld strength equivalent to that for the normal tube-to

tubesheet weld design. Of additional importance in the design of the 

tube-to-tubesheet joint is the capability to sustain the loading 

under the faulted condition under loss of coolant accident. Again, 

the plugged tube design is such as to provide adequate resistance

10-2



to loadings consequent from such a condition. Finally, in 

considering the ability of the plugged tube weld to sustain the 

cyclic stress throughout the anticipated steam generator lifetime, 

it can be shown that the plugged tube design will not experience 

cumulative fatigue life usage in excess of Nuclear Pressure Vessel 

Code design limitations. On this basis, therefore, together with 

successful experience with similar plugged tube designs under 

10-3 operation, it is concluded that the plugged tube weld design will 

sustain the operational loadings (steady state or cyclic) through 

the anticipated structure lifetime.  

10.4 Evaluation of Explosive Bond Clad Away from the Partition 

In Section 6.0, analysis of the explosive bond clad weld interface 

considered the effect of high stress levels normal to the plane 

of the bond interface due to the restraint provided by the partition 

of the channel head and tubesheet deformation under pressure and 

thermal loading. In the case of explosive bond clad in regions 

remote from the partition-tubesheet juncture, the explosive bond 

under normal operation conditions does not experience the traction 

found at the partition-tubesheet juncture. Therefore, the duty 

of the explosive bond in remote regions is to maintain integrity 

of the primary-secondary boundary seal under cyclic stress 

conditions and the abnormal faulted case of loss of primary coolant 

10-3 pressure accident in the absence of normal traction loadings.  

In the case of the loss of primary coolant accident,
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it is believed that the loading on the clad interface applied 

through the tubes is minimal because of the limited axial loading 

in the tube wall and the large load carrying area ratio of tube 

cross section and clad interface between the tubes. Furthermore, 

these considerations do not include the restraining effect of 

the tube rolling which has been demonstrated by test to maintain 

interference contact between the tube and tubesheet hole subsequent 

10-4 to the stress relief process. Hence, the clad interface integrity 

will remain in tact.  

10.5 Evaluation of Post Weld Heat Treatment Effects on Design Integrity 

As a consequence of the partition-tubesheet weld repair of the 

separated clad, it is required to perform a thermal post weld heat 

treatment on the repaired area. While the Nuclear Pressure Vessel Code 

* does not provide limitations on stresses under this procedure, 

concern has been expressed for the effect of such a-heat treatment 

procedure on the structural integrity. Due to the fact that the post weld 

heat treatment procedure must be done on plant site, the ability to provide 

"1stress-free" heat treatment is limited. In view of this concern, 

stress analysis studies have been made of the stress distribution 

due to a postulated large thermal gradient through the tubesheet 

thickness. Results of a finite element elastic solution of the 

stress distribution due to this procedure indicates, for the 

assumed thermal distribution, that the resulting stress levels 

for a gradient of 300OF through the tube sheet thickness are
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inconsequential. Of course, the actual thermal gradients achieved 

in the structure may vary according to variations of the procedure 

used in each repair, and the thermal gradients resulting from each 

10-5 repair post weld heat treatment must be reviewed. It is important, how-.  

ever, to recognize that the induced thermal stresses are secondary in 

nature and do not contribute to primary strength reduction. Th e 

10-5 only deleterious effects of the post weld heat treatment are 

those of the initial cycle fatigue life usage. The steady state 

nature of the residual stress is discounted already in the Code 

stress analysis criteria in which the "shakedown principle" is 

considered in the fatigue strength design curves.  

10-5 Another concern expressed related to the post weld heat treatment pro

cedure is that of the effect of the thermal treatment on relieving the 

tube roll interference. Tests of Inconel tubing subjected to 

stress relief conditions indicate that the tube roll interference 

strength is not reduced but, in fact, increased.  

10.6 Conclusions 

On the basis of the foregoing considerations, it is concluded 

that the repaired partition-tubesheet juncture will adequately 

sustain the anticipated mechanical and thermal loadings throughout 

the structure lifetime.
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11.0 Conclusions 

11.1 Explosive Cladding 

The separation occurred as a result of variation in the explosive 

bond between the cladding and the tubesheet forging. The variations 

were of two types: a) Triangular areas of unbond caused by entrapped 

oxides, or other surface contaminants, and b) Areas of lower bond 

tensile strength which are the result of process variations.  

The anomaly was a latent condition, not associated with operation 

or preoperational testing, which became detectable after the pre

operational pressurization.  

The repair procedure employed to restore the cladding is a standard 

manual shielded metal arc method qualified to ASME standards.  

11.2 Weld Deposit Cladding 

Results of analysis performed indicate that cladding applied by 

the weld deposit method is completely adequate. This conclusion 

is supported by previous experience with units in service on 

which weld deposit cladding was employed.
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