


Jfcsiv -  *>U<- I n c

Proceedings: Seminar on Countermeasures for 
Pipe Cracking in BWRs 

Volume 2 of 4

WS-79-174, Volume 2 
Special Study Project WS 79-174

Workshop Report, May 1980 
January 22, 23. 24. 1980 

Palo Alto. California

Sponsored by

BWR Owners Group

Organized by 
J. C Danko 
R. E. Smith

Electric Power Research Institute 
3412 Hillview Avenue 

Palo Alto, California 94304

Reliability, Availability and Economics Program 
Nuclear Power Division

OtSTfUBimON O f  THIS DuCUMLMI IS UNLIMITED



ABSTRACT

Intergranular stress corrosion cracking of welded type 304 stainless steel in 

the recirculation piping of boiling water reactors has had an impact on plant 

availability and reliability since the fall of 1974. Investigations of this 

problem have resulted in significant progress in understanding the phenomenon 

and providing an engineering resolution by developing and qualifying counter

measures. A number of these countermeasures including solution heat treat

ment, corrosion resistant clad, alternate pipe materials, induction heating 

stress improvement and heat sink weldinq have been implemented.

A seminar was held in Palo Alto, California on January 22, 23 and 24, 1980 to 

disseminate information on countermeasures. This report covering the sixty- 

two papers is the proceedings of the seminar. It was attended by representa

tives from the utilities, vendors, architect engineers, regulatory groups, 

universities, steel companies and pipe fabricators. Some two hundred people 

attended the seminar, including a large contingent from Japan and repre

sentatives from Canada, Sweden, The Netherlands, England, and Italy.
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INTRODUCTION

Cracks in stainless steel bypass piping in BWRs have been a serious problem 

for several years. Much attention has been de'Oted to the causes and cures.

Intergranular stress corrosion cracking incidents in welded type 304 stainless 

steel piping in boiling water reactors have had an impoct on plant availa

bility and economics. In response to this problem, EP?I initiated a number of 

major research and development projects to provide an engineering solution.

Over the past five years significant progress has be^n made in obtaining a 

better fundamental understanding of the phenomenon, in the development and 

qualification of countermeasures and in the plant implementation of some of 

the countermeasures.

With such progress, EPRI decided that a seminar on this subject was appro

priate to bring toyether investigators, utility members, reactor manufac

turers, architect engineers and representatives of regulatory organizations.

In addition, a need was identified to compile the results of the extensive 

work on the problem into a single document for future use. The proceedings of 

this seminar were prepared to me-t this important need.

EPRI took the lead, solicited manuscripts from some sixty authors, made the 

arrangements and hosted the seminar, which was held in Palo Alto on 

January 22, 23, 24, 198U. Attendance was 183 including 25 from EPRI.

The proceedings are being published in four volumes, of which this is 
Volume 2. All the papers presented at the seminar (with a few exceptions) 

were preprinted and were provided to all registered atter-jees of the seminar.

These proceedings differ from the preprints only in minor modifications and 

corrections by some authors. The intent to include discussion and questions 

from the floor has been abandoned in the interest of prompt publication and 

because initial review of the taped discussion indicated only minor content of 

general interest. Some improvement in clarity of figures, particularly photo

graphs, has also been accomplished. EPRI has not attempted to edit the indi

vidual papers because there are so many foreign authors with whom editorial 

conferences would be difficult.
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EPRI'S BWR PIPING INTEGRITY ANALYSIS PROGRAM

Robin L. Jones* and M. E. Lapides*

INTRODUCTION AND OBJECTIVES

Interqranular stress corrosion cracking (IGSCC) in boiling water reactor {BWR) 

piping was initially observed at Dresden Unit 1 in the mid-1960's, but it was not 

until the fall of 1974 that the widespread nature of the problem was realized. 

Since that time cracking has been observed in larqer and larger pipe sizes and, 

more importantly, in piping systems increasingly more difficult to access, 

isolate, and repair. The location of the intergranular attack is confined gener

ally to irregular paths within the heat-affected zones adjacent to circumferential 

welds. Early explanations dealt with faulty welding procedures, bad heats of 

material, and stagnant coolant conditions. While these may have some bearing on 

specific situations, the IGSCC is now known to involve a complex interaction 

between material vulnerability (sensitization), environmental chemistry, and 

service stresses (including residual welding stresses).

In the summer of 1978, IGSCC was observed in both furnace-sensitized safe ends and 

weldments of 26-inch diameter piping at a German BWR (KRB Unit A). Leaking cracks 

had already been observed in 12-1nch diameter riser piping in Japan. U.S. utility 

and regulatory response was rapid because these observations indicated the poten

tial vulnerability of piping in which the consequences of cracking could be 

extremely severe. The BWR IGSCC Research Program is a response to the reality of 

this potential vulnerability.

*EPRI, Palo Alto, CA 94303.



The overall goal of the Proqram is to help maintain and improve the availability 

and reliability of operatinq and new BWR plants by extending the service lifetime 

of recirculation system piping and by minimizing outaqe times required for 

inspection and repair of this piping system. The principal technical objectives 

associated with this goal are:

1. To develop and evaluate a plant and laboratory data base 
on IGSCC cracking in weldments of Type 304 stainless 
steel that can be used to predict the service lifetime of 
recirculation system piping.

2. To develop with a high level of assurance, remedies that 
can extend the lifetime of recirculation system piping in 
both operating and new plants.

3. To develop reliable NOE methods for application vo 
existing and improved recirculation system piping that 
will (a) detect IGSCC defects and (b) monitor their 
growth with an accuracy and capability consistent with 
the needs associated with continued operation of this 
piping system when small IGSCC defects are present.

4. To develop and verify analyses that can be used for 
reliable prediction of the service lifetime of operating 
recirculation system piping containing IGSCC defects.

5. To develop and verify piping integrity analyses that 
relate to leak-before-break behavior and to system 
consequences of leakage in operatinq recirculation system 
piping.

6. To demonstrate and verify that corrective remedies can be 
successfully applied to recirculation system piping under 
conditions that closely simulate field conditions in 
operating plants and plants under construction and to 
document all pertinent aspects of this work so that it 
can be readily transferred and applied to meet utility 
needs.

The Program is organized into three major sections to address these needs. They 

are:

1. Problem Resolution for Plant Situations

2. Remedy Development

3. Remedy Appli cati on

This paper describes the Problem Resolution program area in which piping integrity 

considerations are emphasized.
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PROBLEM RESOLUTION FOR INDIVIDUAL PLANT SITUATIONS— 4-YEAR PLAN

The objectives of the Problem Resolution phase of the proqram are to develop an 

improved capability for identifying those welds that are most probable to suffer 

IGSCC and for detecting cracks if they form; to provide reliable methods for 

predicting and monitoring crack growth; and to qenerate a credible evaluation of 

the consequences of cracking from a system viewpoint. The approaches EPRI will 

follow in order to attain these objectives are summarized in Figure 1 and a 

description of the four-year research and develooment program plan is presented 

below.

Determine Presence and Probability of Cracking

As shown in Figure 1, work directed towards this objective will follow two 

approaches aimed at (1) the development of improved methods of identifying where 

cracks are most likely to occur and (2) the development of improved crack and leak 

detection capabilities.

Identification of Vulnerable Welds. At present, the "stress rule"developed by 

General Electric is used in conjunction with the carbon content of the piping to 

assess the vulnerability of BWR welds to IGSCC. This rule is based on the premise 

that IGSCC will not occur if the stress level at the weld does not exceed the 0.2% 

offset yield strength, which corresponds to a stress rule index of 1.0. Appli

cation of the stress rule to field cases of IGSCC has indicated that this model is 

successful in screening those welds that will not crack: no cases of cracking 

have been found at stress rule indices less than 1.2.

However, the stress rule has proved to be less useful for ranking the vulner

ability of welds having an index qreater than 1.0 (> 50% of BWR welds). Only a 

small fraction of all welds have actually cracked in service and analysis has 

sho"’i no obvious connection between the probability of cracking and the magnitude 

of tne stress rule index. Thus, the current stress rule can be regarded as a 

necessary but not sufficient condition for IGSCC.
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Figure 1

Outline of Problem Resolution 
Program Area Scope and Approach

Objectives Approach

Plant Problem

Determine Presence 
-and Probability 
Cracking

ce |----

• t

Develop methods of identifying 
the most vulnerable welds

Develop improved crack detection 
and leak detection capabilities

Determine Service 
— Lifetime of Cracked—  

Piping and Determine 
Responses to Cracking

Develop improved crack sizing 
and monitoring methods

Develop and verify predictive 
crack growth and decision 

___analysis models

— Evaluate Consequences — Verify leak -
of Cracking behavior

before - break

Define system consequence 
— of leakage
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Although the carbon content can give an indication of the probable degree of 

sensitization following welding, the current stress rule does not consider other 

factors (such as the through-wall stress distribution, whether or not post-weld 

grinding was performed, and the number of stress cycles) that are known to exert a 

major infuence on the likelihood of IGSCC. Also, the estimates of operating 

stresses used in developing stress rule indices are based on design allowables and 

probably do not accurately reflect the actual stress levels experienced during 

reactor operation. All of these difficulties will be addressed in attempting to 

develop an improved procedure for estimating the vulnerability of welds to 

IGSCC. A recirculation loop in an operating BWR will be instrumented with 

thermocouples and strain gaaes to provide information on the actual stress levels 

generated by normal reactor operation. Ongoing efforts to develop NDE eguipment 

capable of making field measurements of residual stress distributions and degree 

of sensitization in the weld HAZ will be carried forward and in-plant studies will 

be made to characterize the influence cf variables such as welding procedure and 

piping carbon content . Concurrently, analytical studies will be undertaken to 

collect field data on IGSCC and develop an engineering methodology capable of 

synthesizing the field data into statistical predictions of the probability that a 

given weld will suffer IGSCC within the plant lifetime. It is envisaged that the 

methodology might resemble that now employed in Section III of the ASME Code for 

design against fatigue crack initiation. That is, the available laboratory and 

field data on the resistance of 304 stainless steel to IGSCC in the reactor 

coolant would be used to construct a baseline family of stress versus life curves 

for various probabilities of IGSCC, and weighting factors would be developed to 

account for the effects of cyclic loading, sensitization, temperature, surface 

condition, etc.

Improved Crack and Leak Detection Capabilities. Improvements of analytical 

capability of the type just discussed will help to define locations where IGSCC 

might occur. Concurrent work on NDE techniaue development will aim to ensure that 

if cracks do initiate in those areas, they can be reliably detected. Emphasis 

will be placed on advanced ultrasonic methods for crack detection: consideration 

will also be given to the development of acoustic techniques to help locate crack 

initiation sites and to detect and locate leakinq cracks.

The detection of IGSCC in the weld heat-affected zone (HAZ) areas of austenitic 

pipe is comparatively straiqhtforward ultrasonic test objective. However, the 

necessary adjunct of high reliability crack detection is difficult because of the 

simultaneous acquisition of a large number of geometric reflector signals.
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Accordingly, the essential requirement is to develop high reliability techniques 

for discriminating these geometric reflectors. A well-trained ultrasonic operator 

can do a reasonably good job of discrimination. However, for high reliability in 

a large number of investigations, it is quite clear that alternate data processing 

techniques must be considered. In addition, automation of data acquisition is 

required to reduce man-rem accumulation. Such techniques are conmaratively new to 

the industry; they require extensive development and verification which will be 

accomplished within this program. The important activity of training and quali

fying industry personnel in the use of these new techniques will be a function of 

the EPRI NDE Center, beginning in late 1980.

An interim instrumentation requirement also exists, namely, nondestructive 

examination equipment of hiqher resolution capability than miqht be required for 

routine ISI investigations. The basic use of this type of instrumentation which 

could, for example, incude a portable X-ray unit, is for an independent confir

mation of flaw type and extent detected by ultrasonics.

Because of the general difficulty of acquiring flawed samples suitable for system 

verification and standards, there is a critical requirement for a method of 

rapidly producing pipe samples containing interqranular stress corrosion cracks of 

quantitatively known dimensions. This is particularly important when larae pipe 

sizes are considered (i.e., only pipes in the neighborhood of four to ten inches 

in diameter are currently available from service withdrawals!. Accordingly, a 

major task in this phase of the program is directed to the development of flawed 

samples and the adaptation of instrumentation to a variety of oipinq 

configurations.

Under certain circumstances, and in particular for smaller pipe sizes, crack 

growth is rapid following initiation of IGSCC and the problem of crack detection 

reduces to the problem of detectinq coolant leakage from a throuqh-wall crack.

The leak detection systems installed in all BWRs have proved to be effective in 

detectinq such leakinq cracks but are relatively insensitive because they inte

grate leakage from all sources such as valve packing, etc. In addition, current 

systems provide little help in locating slowly leaking cracks. Acoustic 

techniques may be capable of providing both greater sensitivity and the ability to 

pinpoint the source of the leak. It is planned to include acoustic measurements 

in the leak rate studies (described later) to investigate whether leakage from
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intergranular stress corrosion cracks has a unique acoustic siqnature that could 

be used on the basis for developing an in-plant technique to detect and locate 

leaking defects due to IGSCC.

Determine Service Lifetime of Cracking Piping and Optimum Responses to 
Cracking

Once IGSCC has been detected, a utility must choose between three courses of 

action, namely, to (1) leave the defect in place and monitor for any subsequent 

growth for an indefinite period, (2) leave the defect in place and monitor until 

the repair can be made with minimum impact on plant availability, or (3) make an 

immediate repair. (An additional possibility under (2) is to treat the flawed 

pipe weldment in such a way as to improve its life expectancy. Such a scheme 

would be envisioned as a method to buy the time needed to prepare for the repair 

outage.) The objective of this phase of the program is to provide industry with 

the tools required to make the optimum choice and justify it.

As shown in Fiqure 1, attainment of this objective requires work in two major 

areas discussed separately below. In addition, justification of either of choices

(1) or (2) requires consideration of the consequences of cracking, in particular 

whether leak-before-break behavior can be assured for the flawed pipe. This 

important topic is considered under a separate proqram phase, as shown in 

Figure 1.

Develop and Verify Predictive Crack Growth and Decision Analysis Models. In early 

BUR IGSCC incidents, the empirical observation of rapid crack propagation in small 

pipes led to tacit acceptance of the belief that IGSCC always propagates 

rapidly. Under this rationale, detection of IGSCC automatically led to repair or 

replacement of the defective areas. With improved understanding it has become 

apparent that propagation rates are strongly influenced by both the residual 

stress distribution patterns in the weld HAZ and by the location at which cracking 

initiates. An analysis of crack growth performed under RP1325-2 has shown clearly 

that the nature of the residual stress distributions near welds in large-diameter 

(28-inch) pipes results in a driving force for crack growth which decreases as the 

crack grows in depth and probably becomes zero at 10-20 percent of the pipe wall 

(Figure 2).
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Figure 2. Stress intensity factor (K) as a function of 
crack depth (a) for a 28-inch diameter recirculation line 
considering residual stresses and a normal operating stress 
of 68 MPa {9.86 ksi).
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This suggests that it may be difficult or impossible for cracks to penetrate more 

than 10-20 percent of the wall of large-diameter pipes. Furthermore, the most 

favorable location for crack initiation is close enough to the weld fusion line to 

ensure that in a larqe-diameter pipe, a growing crack will be forced to intersect 

the weld. Since the weld metal can be made essentially immune to IGSCC, it is 

possible that cracks growing in larqe-diameter pipes may arrest at the point where 

they intersect the weld. (Fundamental work performed under RP701 on the corrosion 

behavior of duplex material (weld metal) showed that crack qrowth is not likely 

with delta ferrite contents above 5%). Indeed, the cracks found in the larqe- 

diameter pipe at KRB in Germany appear to have arrested after penetratinq a short 

distance into the weld metal.

A substantial effort will be made to develop and verify a quantitative model of 

intergranular stress corrosion crack qrowth adjacent to girth welds in stainless 

steel piping. Baseline data on crack growth kinetics under steady state and time- 

varying loads will be gathered using laboratory tests on fracture mechanics spec

imens. Variables studied will include the temperature and oxygen concentration of 

the coolant, the degree of sensitization, and a variety of loadinq variables. The 

effects of the residual stress distribution will be studied and cracks will be 

qrown into weld metal to study the effect of crack path. The results of these 

experiments will be combined into a predictive crack qrowth model and the model 

will be verified by stress corrosion tests on preflawed pipe samples with 

diameters up to 28 inches. A subsidiary output of this work is expected to be the 

establishment of a crack size target for the NDt crack detection techniques.

In some instances it is anticipated that the crack qrowth model alone will provide 

a sufficient basis for determining the most appropriate response to the detection 

of IGSCC. For example, if the crack growth model indicates that rapid qrowth is 

likely and the affected location is an easily accessible and isolatable weld, it 

is clear that an immediate repair would be warranted. However, in most cases it 

is anticipated that the optimum response would be less clear-cut. Therefore, 

it is proposed to develop a formalized decision analysis procedure in which the 

crack growth model is combined with cost models for the appropriate repairs, 

including the possible impact of crack growth surveillance discussed below. The 

decision analysis procedure, in combination with a detailed analysis of the effect 

of the defect on the integrity of the pipinq system, (see later) should provide a 

credible basis for both making and justifying a choice among the three alternative 

courses of action previously discussed.
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Improved Crack Sizing and Monitoring Methods. Accurate Information on initial 

crack size is one of the essential inputs to a credible crack qrowth model. The 

work required to provide an NDE crack sizing capability is essentially an 

extension cf the efforts on crack detection already discussed. The discrimination 

required for crack detection can be made via equipment which is essentially an 

adjunct to existing UT instrumentation. However, for sizing the cracks, a large 

number of closely controlled measurements must be made 'ith the UT transducer at 

accurately known along the pipe. It is reasonable to state that this is generally 

beyond the capability of current operators over ary extended period. Accordingly, 

an alternate instrumentation mode is required to simultaneously obtain both high 

reliability detection and crack sizing. The basis of the work that will be 

undertaken in this area is digital data processing of the acquired signal, coupled 

with an automated scanner.

Crack growth monitorinq can provide powerful support to the crack growth predic

tive model and the availability of reliable nondestructive crack surveillance 

techniques would greatly assist in justifying a decision to continue plant 

operation with a detected defect in place. One possibility would be to make 

intermittent crack size measurements using the automated scanner just discussed in 

conjunction with an augmented ISI schedule. An alternative possibility is 

periodic pulsing of dedicated fixed transducers. These measurements would be 

compared with the predictions of the crack growth model and the decision analysis 

procedure would be repeated to determine if the new information indicated any 

change in the optimum course of action. Another possibility is to utilize 

acoustic emission techniques for surveillance of crack growth. At present, it 

appears that this approach might be most appropriate for cases in which the crack 

qrowth model predicts crack arrest. Acoustic emission experiments are planned in 

conjunction with the crack qrowth model verification tests to determine the feasi

bility of developing a continuous crack growth monitoring technique for in-plant 

use based on acoustic emission techniques. Other work is planned to evaluate the 

ultrasonic monitorinq systems.

Evaluate Consequences of Cracking

As already mentioned, any attempt to justify continued operation of a plant in 

which defects due to IGSCC are known to be present in coolant lines must include 

an in depth and credible analysis showinq that the presence of the flaw has no 

significant consequences with regard to plant safety. As shown in Figure 1, there 

are two aspects to this consequence analysis: first, it is necessary to be able
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to quantify the margin to failure of the flawed pipinq and show that, if failure 

were to occur, it would take the form of a leak rather than a catastrophic 

rupture; second, it is necessary to consider the consequences to the nuclear steam 

supply system if failure of the flawed pipe does occur and results in a leak.

Leak-Before-Break Behavior. The extent of plasticity at the crack tip determines 

the type of fracture mechanics analysis required to predict accurately the effect 

of a crack on the performance of a structure. If plasticity is restricted to the 

immediate vicinity of the crack tip, linear el as . c fracture mechanics can be used 

and structural instability is unlikely if the stress intensity factor associated 

with the crack does not exceed the fracture touqhness of the usually ductile 

material. However, for very ductile, touqh materials, such as 304 stainless 

steel, the onset of crack extension does not usually coincide with structural 

instability or maximum load-bearinq capability: commonly a period of stable crack 

extension (in wh*oh a rising load is required for continued crack growth) precedes 

final instability. Therefore, to accurately predict the integrity of flawed 

stainless steel pipinq, a fracture mechanics methodology is required which 

includes criteria for the onset of crack extension, for stable crack growth, and 

for final instability. The required ductile fracture methodology has been under 

development for several years with fundinq from EPRI and elsewhere and in this 

phase of the work this methodology will be applied to the problem of treating the 

ductile fracture of flawed stainless steel piping and delineating the conditions 

leading to leak-before-break behavior.

Analysis methods will be develop and verified for assessing quantitatively the 

margin-to-failure for BWR pipes and safe ends containing circumferential part- 

through and through-wall cracks under normal and faulted reactor operating 

conditions. This will be accomplished by developing failure analysis diagrams 

(such as that shown in Fiqure 3) which show critical flaw dimension envelopes for 

the stress levels and types of loading expected in service. Two materials will be 

considered: Type 304 stainless steel and Inconel 600.

For normal operating conditions, the loading is quasi static and a static evalu

ation of the failure margin is applicable. However, for faulted conditions where 

transient loadings are controlling, a dynamic evaluation which includes Impulse 

and vibratory loads is necessary. Therefore, analytical methods for predicting 

failure under both static and dynamic loading will be developed. The analytical 

failure predictions will be verified by full-scale confirmatory tests on cracked 

pipe and safe end sections up to 26 inches in diameter.
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The delineation between stable and unstable fracture (leak and break) depends on 

the balance between the resistance of the material to continued crack growth (a 

material property) and the variation of the crack driving force with crack length 

(a structural property depending on the qeometry of the flawed structure and on 

the way it is loaded). For example, deadweight loadinq always leads to an inher

ently less stable situation than fixed displacement loadinq. Thus an important 

aspect of the leak-before-break assessment will be to characterize the nature of 

the loading experienced by recirculation oiping welds under normal and faulted 

operati ng con di ti on s.

System Consequences of Leakage. One objective of this part of the work is to 

assess the failure margins of through-wall cracks that result in a leak rate which 

is just detectable in an operating nuclear power plant. There are t.wo aspects to 

this problem. The first is to predict the shape adopted by a through-wall 

crack. This will be addressed using an analytical approach developed under 

RP1237-1 combined with appropriate benchmarking experiments. The second aspect of 

the problem is to estimate the leak rate, given the configuration of the crack.

An ongoing appraisal of two-phase flow models used in blowdown analysis (RP1554-4) 

suggests that such models may greatly overestimate leakaqe rates from tiqht stress 

corrosion cracks. Therefore an experimental effort will be undertaken to measure 

leak rates from intergranular stress corrosion cracks under BWR operating 

conditions. As mentioned earlier, these experiments will also provide the test 

bed for an assessment of the feasibility of detecting and locating leakinq cracks 

using acoustic techniques.

An analytical study also will be undertaken to determine the combinations of crack 

size and loadinq that would enough to be o'- concern from a systems viewpoint 

(e.g., leak rates larqe enouqh to require ECCS injection to achieve a safe 

shutdown). This analysis will be based on the models of crack opening and leakage 

rate just described. Other system related aspects of leaking cracks will also be 

considered. For example, the extent to which contamination of the insulation due 

to leakage could impede repair efforts will be assessed.

1980 PROGRAM PLAN

Scope and Objectives of the 1980 Program

As illustrated in Figure 1, the overall approach being pursued in the Problem 

Resolution program area is the adaptation and application of existing advanced NOE 

technology and structural integrity analysis concepts to specific issues and needs
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associated with IGSCC of BWR pipinq. As a result of the EPRI-funded work under

taken during 1979, the overall objectives of the Problem Resolution program area 

and the way in which they will be attained have largely been defined. Moreover, 

the projects that will be active durinq 1980 have been scoped in detail, and 

almost all of them have either been initiated or will be in place by the end of 

1979. Figure 4 provides a listing of these projects and indicates their general 

relationship to the three major objectives and six technical approaches of the 

Problem Resolution area discussed in the previous section.

To place the 1980 program in perspective, Figures '* through 7 show flow sheets for 

the three major objectives giving the sequence of steps involved in reaching the 

eight anticipated outputs and showing which steps will be taken during 1980. 

Although none of the final outputs will be reached during 1980, it is expected 

that the following list of key objectives will be achieved:

1. Complete the design of an instrumentation package to 
measure operational stress levels in a BWR recirculation 
loop and formulate an implementation plan.

2. Select a contractor for the implementation phase of the 
in-plant stress measurements program, negotiate a 
contract and initiate work.

3. Complete a first phase evaluation of portable ultrasonic 
tomography and X-ray diffraction instruments for field 
measurements of welding residual stress distributions.

4. Issue the final report on RP1554-6 containing a prelim
inary model ranking the vulnerability of BWR welds to 
IGSCC and estimating their service lives.

5. Complete a feasibility assessment of the use of acoustic 
emission for detecting and locating leaks due to IGSCC in 
operating BWRs.

6. Verify the sizinq capability of advanced ultrasonic 
inspection techniques in laboratory tests.

7. Establish a standardized data acquisition format for use 
with the Adaptronics portable digital data aquisistion 
system.

8. Select and field test advanced NDE techniques for IGSCC 
detection.

9. Procure field flaw samples and complete preliminary 
inspectability appraisal.

10. Define instrumentation requirements for successful 
surveillance of part-through intergranular stress 
corrosion cracks in large diameter BWR piping.
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FIGURE 5

FLOWSHEET FOR ATTAINING THE "PRESENCE AND PROBABILITY OF CRACKING*
OBJECTIVE OF THE PROBLEM RESOLUTION PROGRAM AREA

APPROAOCS

AVAILABLE IWUTS

RiD STEPS 
INVOLVED (1980)

R & 0 STEPS
INVOLVED

(POST-1980)

OUTPUTS (DATE)
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FIGURE 6

FLOWSHEET FOR ATTAINING THE 'SERVICE LIFETIME AND RESPONSES TO CRACKING'

OBJECTIVE OF THE PROBLEM RESOLUTION PROGRAM AREA

AV A1IAH E  1WIITS

R t O  STEPS

INVOLVED (1980)

R a P STEPS
INVOLVED

(post-1930)

OUTPUTS (DATE)
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FIGURE 7

FLOWSHEET FOR ATTAINMENT CF THE 'CONSEQUENCE EVALUATION* OBJECTIVE
OF THE PROBLEM RESOLUTION PROGRAM AREA

APPROACHES 

AVAILABLE inputs

R 8 D STEPS 

REQUIRED (1980)

R 8 D STEPS 

REQUIRED

(post-1980)

OUTPUTS (DATE)
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11. Issue the final report on RP1554-6 including a series of 
test case analyses usinq the RP1325-2 oropagation model 
of I6SCC.

12. Issue the final report on RP449-1 containinq baseline 
information on I6SCC rate as a function of degree of 
sensitization, stress intensity, and oxygen concentration 
in the coolant.

13. Complete the final crack growth model for IGSCC of laroe 
diameter pipes and beqin verification experiments.

14. Issue the final report on RP1554-7 includinq a predictive 
model for intergranular stress corrosion crack shape in 
large-diameter BWR pipinq.

15. Complete failure margin analysis for flawed pipes and 
safe ends under static loading based on the critical net 
section stress concept.

16. Select configuration for shake table experiments on 
flawed Diping.

17. Complete and verify failure analysis for flawed piping 
under static loading based on the plastic fracture 
mechanics concept.

18. Reach a decision on the need for a dynamic ductile 
fracture mechanics model for the analysis of flawed 
piping under faulted loading.

19. Issue final report on RP1554-8 including a verified 
analysis of the effect of pipinq system compliance on the 
stability of flawed pipes in BWRs.

20. Issue final report on RP1554-9 including an assessment of 
the feasibility of designing a fracture proof nuclear 
coolant piping system.

21. Issue final report on RP1554-8 includinq an 
experimentally verified analysis procedure for predicting 
the opening area of through-wall cracks in BWR piping.

22. Perform a preliminary comparison of experimental leak 
rates from through-wall IGSCC with the predictions of 
current flow theories.

23. Finalize the scope of a new study of system consequences 
of leakage, select contractor, and initiate work.

A target schedule for accomplishing these key 1980 objectives is shown in 

Figure 8. Detailed descriptions of the activities planned during 1980 are 

presented on a project by project basis below and the way in which the key 1980 

objectives listed above will be attained is noted.
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Figure 8

Schedule for Accomplishing Key 1980 Objectives 1n 

the Problem Definition Program Area

Objective 
Number*

Target Month (1980) 

J F M A M - J J A S O N D

1

2

3

4

5

6
7

8 
9

10

11

12

13

14

15

16

17

18

19

20 

21 

22 

23

X

X

X

X

X

X

X

X

* See text for details.

-20-



Concurrently with the BWR IGSCC Research Program, EPRI will continue its base 

program of generic research and development projects. A number of these baseline 

projects are related to the Problem Resolution phase of the BWR IGSCC Research 

Program. Figure 9 provides a listinq of these projects and a capsule description 

of their objectives.

Develop Methods of Identifying the Most Vulnerable Welds

Four projects will be in progress in this work area durinq 1980; two projects will 

be completed during the period and one new project will be initiated.

RP1554-5: BWR Recirculation Piping Instrumentation Program— Phase 1. The objec

tive of this ongoing project with Aptech Engineering Services is to assist EPRI in 

the planning phase of program in which the operational stress levels at selected 

welds in the recirculation loop of a new BWR will be accurately quantified durinq 

early plant operations. Efforts during 1979 will focus on selectinq a primary* 

and a backup plant, obtaining utility concurrence to the overall project concept, 

and reviewing the pipinq stress reports to select the best strain gage and thermo

couple locations.

Durinq 1980, the instrumentation package will be designed in detail and an imple

mentation plan developed. Although a preliminary strain gage and thermocouple 

location plan will be developed during 1979 for presentation to utility personnel, 

the final detailed plan will be developed during 1980 after the stress report has 

been reviewed and such items as access, availability of services, and number of 

containment penetrations have been defined by discussions with the utility.

The final instrumentation plan will be presented to the utility and its implemen

tation will be discussed with responsible personnel. An implementation plan will 

be drawn up on the basis of these discussions and a report will be prepared 

detailing the implementation plan and describing details of the instrumentation 

package, including optimum transducer locations and data recording requirements.

The project is scheduled for completion in May 1980. Issuance of the report con

taining the Instrumentation Plan will complete key objective number 1 in the 1980 

objective summary given earlier.

♦Probably LILCO's Shoreham Plant; LILCO has Indicated that it is willinq to 
participate in this project.
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RP1554-11 BWR Recirculation Piping Instrumentation Program— Phase 2. The objec

tive of this new project will be to implement the recirculation pipinq instrumen

tation plan developed under RP1554-5. Tarqet dates for contractor selection and 

the initiation of project work are June and August 1980, respectively (key objec

tive number 2). The detailed scope of work to be undertaken durinq 1980 will be 

defined in the Implementation Plan developed under RP1554-5: it is anticipated 

that 1980 activities will include procurement of the equipment required for the 

instrumentation package, installation of the strain and temperature transducers, 

and establishment of data transfer links between the plant and the data storaqe 

facility. An existinq instrument suitable for field measurements of sensitization 

will also be procured durinq 1980 for later use on this project.

RP1759E: Evaluation and Development of Residual Stress Measurement Instrumenta

tion. The objectives of this project, which is scheduled for initiation in early 

1980, will be to evaluate and refine two previously developed residual stress mea

surement instruments based on ultrasonic tomography and X-ray diffraction and to 

prepare one or both for field use. The prototype instruments will be evaluated 

for reproducibility, accuracy, sensitivity, and applicability to field use in 

determining residual stress distributions around girth welds in BWR piping. The 

evaluation will employ thick section steel plate and pipe specimens. The first 

phase of the evaluation will be completed in November 1980 at which time a deci

sion will be reached regardinq whether to proceed with the development of one or 

both instruments in a form suitable for in-plant use (key objective number 3).

RP1554-6: Engineering Models for Predicting Stress Corrosion Cracking of BWR 

Pipinq Welds. The objective of Task 1 of this ongoinq project with SAI is to 

develop a preliminary IGSCC model for ranking the vulnerability of BWR welds to 

IGSCC and estimating their service lives. The model will be based on the assump

tion that crack nucleation sometimes controls the service performance of such 

welds. Work planned for 1980 is as follows:

Laboratory and field data on IGSCC of sensitized Type 304 stainless steel will be 

collected. The laboratory test data sought will include the effects on failure 

time of stress, number of stress cycles, surface finish, alloy composition and 

condition (including degree of sensitization), chemistry and temperature of the 

environment, and other pertinent variables. Data for welded specimens, including 

pipe samples, will be emphasized but data for furnace-sensitized specimens will
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also be collected. Information sought concerning the existing field data set will 

be time-to-leakage, stress level, service history, pipe size, welding procedure, 

and alloy composition.

Past investigations and treatments of crack nucleation will be reviewed, with both 

notched and unnotched cases being of interest. Both fatigue crack nucleation 

under cyclic loading conditions and SCC nucleation under dead weight loadinq will 

be considered, because both cases of loading are probably of importance in IGSCC 

in operating reactors. Physical descriptions of the nature of crack inititiation 

processes will be sought as well as statistical treatments that have proved to be 

useful in characterizing the distribution of crack inititiation times. Current 

procedures for designing aqainst crack inititation due to fatigue will be included 

in this review.

Analytical tools that are available to bridqe the gap between crack initiation and 

macro crack propagation will be examined. Althouqh fracture mechanics techniques 

can be employed to characterize macro crack propagation, the use of these tech

niques for treating very small cracks is often questionable and therefore alter

native approaches will be sought for combining a treatment of crack nucleation 

with the crack propagation model developed under RP1325-2 and RP1554-1.

The data collected in the literature review will be analyzed to develop an engi

neering model that will provide a means of predicting the integrity of sensitized 

weldments as a function of time in service. It is anticipated that the initiation 

part of the model will consist of a group of stress versus initiation time curves 

(each with a defined initiation probability) together with tabulated weighting 

factors to take account of pertinent variables, such as alloy composition, number 

of stress cycles, etc. However, other methods of presentation may be 

considered. The propagation part of the model is expected to be the crack qrowth 

analysis developed under RP1325-2 which later will be refined under RP1554-1.

A full description of the model and the basis for its development will be prepared 

and included in the final report. Particular attention will be paid to identify

ing the major areas of uncertainty in the model, the gaps in the data base, and 

the additional research and development required to allow the development of a 

final version of the model.
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It 1s anticipated that there will be gaps in both the experimental data and avail

able analytical tools. This study will be Instrumental in Identifying such gaps, 

and should therefore provide guidance in identifying areas that should be concen

trated upon in future research efforts. "Best guess" estimates may have to be 

made 1n some instances in order to fill in certain crucial gaps. This study will 

probably not provide a final definitive replacement of the GE "stress rule", but 

will provide a framework on which to build such a tool as additional experimental 

and analytical results become available.

The project is schedule for completion in August 1980 and issuance of the final 

report containing the preliminary model will complete key objective number 4.

Develop Improved Capabilities for Crack Detection. Sizing. Monitoring and Leak 
Detection

Four projects will be in progress in this work area during 1980. Three of these 

projects focus on crack detection while the fourth is concerned with the detection 

and location of leaks.

RP1554-10: Measurements of Leak Rates from Intergranular Stress Corrosion 

Cracks. As part of this project, which 1s planned for initiation late in 1979, 

the characteristics of the acoustic emissions of leaking intergranular stress 

corrosion cracks will be determined. The measurements will be made for leakage 

under BUR conditions of coolant temperature and pressure and will be analyzed to 

determine if such leaks exhibit an acoustic “signature" that could be used as the 

basis for an acoustic emission technique for detecting and locating leaks under 

plant operating conditions (key objective number 5).

RP1750: I SI Improvements and Verification. The objective of this project, which 

is scheduled to begin in late 1979, is to specify, develop, and demonstrate the 

adequacy of ISI techniques required for specifically identified BUR ISI issues, 

including pipe, nozzle, and valve body inspections.

BWR units are increasingly sensitive to shutdown decisions which derive from com

bining ISI observations with fracture mechanics analyses because contemporary ISI 

methods are reasonably good on flaw detection, but reasonably poor on flaw 

sizing. The fracture analyses are quite conservative. The advanced ISI tech

niques, for which further adaptation work is required, could provide a better 

sizing and hence less conservative analysis, thus reducing outage potential.
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In order to reduce outage potentials, a need exists to adapt laboratory or field 

proven ISI technologies to specific geometries of NSSS components and ultimately 

to develop "universal" adaptation techniques. This requirement is most 

particularly in evidence for automated inspection methods (frequently mandated by 

radiation exposure limitations) and for advanced data processing methods (e.g., 

tomography), both of which may depend on acquisition of precision location 

reference coordinates for ISI sensors.

The project will develop adaptation methods for EPRI (or alternate) ISI equipment 

developed on other programs. This will include, but not be limited to,

(a) improved pipe scanners for ultrasonic testing, (b) pipe scanner adaptations 

mandated by repairs, and (c) tomography adaptations for irregular bodies. Follow

ing soecification, design and qualification testinq in the ISI programs of 

cooperating utilities will be initiated.

An important objective of the work to be carried out in 1980 will be to verify the 

sizing capability of ultrasonic techniques in the laboratory (key objective number

6). Field verification studies will be initiated in June 1980 and are expected to 

be completed in mid-1981.

RP1751: Ultrasonic Test Data Acquisition Systems. This project, which is 

a continuation and expansion of a previous project with Adaptronics, is aimed at 

the replication of the field demonstrated portable diqital data aquisition system 

developed previously. This system which is suitable for in-containment use, can 

then te used for targets of opportunity.

The signal characteristics of in-service flaws as acquired by ultrasonic or simi

lar test sensors are often lost because appropriate, calibrated field recording 

equipment is not available when the flaw is accessible. Thus many potentially 

valuable research data are lost; obtaining equivalent information from artifici

ally created flaws is frequently extremely expensive and time-consuming.

Equipment which has been designed in RP1125 with EPRI funds will be purchased for 

the BUR IGSCC program and will be provided to experimenters and utilities for use 

in data acquisition. The timely availability of signal data will accelerate the 

more effective use of NDE methods to resolve flaw safety and operational issues.
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It is anticipated that the advanced ISI production units fabricated under this 

project will begin to become available for training purposes and external utiliza

tion early in 1981. An Important milestone of the 1980 work will be to establish 

a standardized data acquisition format (key objective number 7).

RP1752: NDE Detection Capabilities. The objective of this project is the estab

lishment and verification of the performance of improved NOE methods for austeni

tic pipe inservice inspection (ISI). This objective will be met by

(a) establishing the optimum ISI procedure to resolve potential safety issues, and

(b) developing a large data base to verify and quantify the defect detection abil

ity. Heavy reliance will be placed on use of service-induced component failures 

such as safe-ends and pipe from KGB, nozzles from Duane Arnold, and similar 

items. Achievement of this objective will substantially reduce downtime and expo

sures for ISI.

This project provides for extended experimental evaluation of NDE methods as 

applied to nuclear plant pipes, nozzles, and other weldments, with the aim of 

establishing the detection and classification capabilities on a quantitative 

basis. The required quantitative base will be achieved by team and round-robin 

tests on in-service flaw samples and realistic simulations. In addition to the 

application of suitable NDE methods, a substantial part of the effort will involve 

acquisition of typical field flaw samples and their characterization for use in 

qualifying ISI procedures and operators.

The work will consist of acquisition of suitable samples, development of an NDE 

method data base, and destructive confirmation.

Although this project will draw heavily on related NDE programs (UT Optimization, 

RP892; and Nonlinear Signal Processing, RP1125), it is specifically oriented to 

needs and time scales of current BUR regulatory concern.

Two important subtasks will be completed during 1980: advanced detection systems 

will be selected and field tested (key objective number 8) and "repair" inspection 

samples will be obtained and subjected to a preliminary inspectability appraisal 

(key objective number 9).

RP1753: In-Service Surveillance of Sensitive Lines. Nuclear plant shutdowns 

occur with substantially higher frequency than would be the case if a quantitative 

in-service defect growth monitoring system (i.e., surveillance) were available.
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The surveillance system would: (a) permit controlled plant shutdowns prior to 

leakage incidents, and (b) minimize regulatory shutdowns stemming from interest in 

or concern about flaw size chanqes. Such a surveillance unit does not now exist, 

but the prospects for its realization appear to be favorable.

The objective of this work is to specify, develop, and demonstrate the adequacy of 

a surveillance system caoable of quantitatively monitorinq the growth of inter

granular stress corrosion crackinq (IGSCC) in BWR coolant nipinq under service 

conditions. A pipe test riq capable of providing a good simulation of BUR service 

conditions and accelerated initiation of IGSCC, develooed in 1979, will be util

ized as a test bed to validate possible surveillance methods. Those of initial 

interest (includinq ultrasonic, stress and damDinq methods whether sinqly or in 

combination) aim at monitoring the growth of a previously-detected crack. 

Subsequently, identification of crack initiation will be considered. After test 

rig demonstration, the surveillance system selected will be reconfigured for field 

trials. The reconfiguration should not be significant, except at the data 

recording interface, since the test riq simulates BWR service conditions.

During 1980, the test rig will be shaken down and tests of possible surveillance 

instrumentation will be initiated. An important milestone durinq the work will be 

to define quantitatively the requirements for successful surveillance of crack 

qrowth (key objective 10).

Develop and Verify Predictive Crack Growth and Decision Analysis Models

Four projects will be in proqress in this work area during 1980, three of which 

are scheduled for completion durinq the year.

RP1554-6: Engineering Models for Predicting Stress Corrosion Crackinq of BWR 

Piping Welds. In Task 2 of this continuing project with SAI, the preliminary 

crack propagation model developed under RP1325-2 will be applied to additional 

cases of IGSCC growth of interest to EPRI as follows:

The effect of pipe size on crack growth behavior will be studied further. The 

conditional probability of loss of piping integrity will be compared for residual 

stress distributions typical of welds in 4-inch, 10-inch, 16-inch, and 24-inch 

lines with all other model inputs held constant. In addition, the model will be 

used to study the validity of using margins of improvement (resulting from various 

remedial measures) measured at one pipe size to predict the expected performance 

at other pipe sizes.
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The possibility exists that low temperature sensitization at the operating temper

ature may increase the susceptibility of BWR welds to IGSCC during service. To 

assess the significance of this possibility, the conditional probability of loss 

of piping integrity will be estimated as a function of Kjscq (in the range 0 to 
30 ksi Tn) for four residual stress distributions (none, 4-inch pine as welded, 

24-inch pipe as welded, 4-inch pipe following IHSI) usinq constant "best guess" 

values for the other inputs to the model.

As part of RP1394-1, tests are being conducted at GE's Pipe Test Laboratory on 

welded 4-inch diameter Type 304 stainless steel pipes that have been subjected to 

IHSI. Some of the specimens are precracked, others uncracked, and the tests are 

being conducted at various stress levels. The propagation model will be used to 

analyze these tests and predict the probable outcome.

Tests on welded carbon steel pipes containing precracks have been performed at the 

Pipe Test Laboratory as part of RP1248-1. Those tests will be analyzed usinq the 

propagation model to deduce the implications of the results of the tests with 

respect to the kinetics of stress corrosion crack qrowth in carbon steel in BWR 

environments.

Within the time and funds available, other analyses using the crack propagation 

model will be made as requested by EPRI to address questions such as:

• What applied stress level would be required to just allow 
IGSCC to penetrate the wall of a 24"inch diameter pipe, 
assuming various residual stress distributions but with 
other model inputs held constant?

• What residual stress distribution amonq the range that 
appears to be achievable in practice would impart the 
maximum possible resistance to loss of piping integrity 
due to IGSCC? How does this vary with pipe size?

A summary of each analysis or group of analyses performed using the crack propaga

tion model will be prepared and included in the final report. Each of these sum

maries will include a statement of the objective of the analysis, the inputs used, 

and the conslusions reached. Issuance of this report during August 1980 will 

complete key objective number 11.
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RP449-1: Crack Propagation Rate Studies on Type 304 Stainless Steel in BWR 

Environment. The objective of this ongoinq project with Arqonne National 

Laboratory is to generate baseline data on the kinetics of I6SCC in sensitized 

Type 304 stainless steel in BWR coolant environments under constant applied 

loading.

Standard IT compact tension test specimens are beinq employed at two levels of 

sensitization. The facility required to test these specimens under active loadinq 

will be constructed and shaken down during 1979. During 1980 the crack growth 

kinetics will be quantified in high purity water that contains 8 ppm or 0.2 ppm 

oxygen at 288°C. Four ranges of stress intensity will be tested; 6-12, 12-18, 18- 

24 and 24-30 MPa nT. The work is scheduled for completion in December 1980 and 

issuance of the final report will complete key objective number 12.

RP1554-1: The Growth and Stability of Stress Corrosion Cracks in Large Diameter 

BWR Piping. The objective of Task II of this ongoinq project with General Elec

tric is to generate stress corrosion crack growth data to support the development 

of a flaw evaluation procedure that can be used to predict the service behavior of 

cracked larqe diameter stainless steel pipes. Experiments will be performed and 

analyzed to investigate: (1) how applied stress, residual stress, and material 

properties combine to determine whether cracks will arrest or qrow; (2) the weld 

ferrite content required to arrest a qrowinq crack; and (3) the crack growth rates 

expected for BWR service conditions.

During 1979, a fracture mechanics model of crack propagation in larqe-diameter 

butt welded pipe under normal BWR operatinq conditions will be established.

Linear elastic analyses will be used to define the variation of crack tip stress 

intensity as a function of crack depth, aspect ratio, and position for representa

tive and worst-case loadings and the conditions leadinq to crack arrest will be 

defined for a variety of crack qrowth law assumptions. The starting Doint for 

this subtask will be the preliminary models developed by SAI under RP1325-2 and 

FAA under RP700-1.

Starting in late 1979, the likelihood of crack arrest due to the residual stress 

distribution in large-diameter pipe weldments will be investigated. The program 

will use boiling MgC^ to investigate the residual stress distribution in the 

weldment zone of 26" diameter pipe. Proper application of this work will allow an 

assessment of when a stress corrosion crack will stop due to the offsetting 

effects of applied service tensile stress and compressive weld residual stress.

-30-



The subtask will investigate arrest due to the residual stresses in as-welded pipe 

material as well as pipe material which has been subjected to cyclic shakedown 

loading. Previous work has shown that carbon and ferrite content are important 

variables in controlling the susceptibility of Type 308 weld metal to stress 

corrosion crack initiation in a BWR environment. Startinq in the fall of 1979, 

the effect of these two variables on the stress corrosion crack propagation 

resistance of weld metal will be studied. The approach followed will be to 

initiate a stress corrosion crack in the base metal and follow its progress as it 

grows into the weld metal of interest. This will require proper selection of base 

metal condition and of loading parameters. To ensure that the results of the 

investigation are applicable to large-diameter pipes, it will be necessary to 

evaluate the crack growth properties of the weld metal at stress intensities 

typical of large-diameter pipes, as identified in the fracture mechanics model 

mentioned above.

All of this work is scheduled for completion during 1980 and will be assembled 

into an overall model of crack growth in pipes under service conditions (key 

objective number 13). During the latter part of 1980, full-scale pipe experiments 

will be initiated to verify the predictive capability of the crack growth model.

RP1554-7 Analysis to Predict the Shapes of Growing Stress Corrosion Cracks in BWR 

Piping Helds. In all the service cases of BWR pipe cracking due to IGSCC that 

have occurred to date, leak-before-break behavior has been observed. Analytical 

and experimental programs have confirmed that leak-before-break is assured pro

vided that the cracks have a small aspect ratio when they penetrate the outside 

surface of the pipe. That is, to assure leak-before-break behavior, it is neces

sary for growing cracks to have lengths in the circumferential direction of the 

pipe that are not many times greater than the pipe wall thickness. Accordingly, 

it is important to understand the factors that control the shapes adopted by 

intergranular stress corrosion cracks when they grow in BWR piping.

The objectives of this project, which provides a link between the crack growth and 

crack stability aspects of the overall Problem Resolution program, are to 

determine: (1) what parameters have primary Influence on the crack shape for 

Type 304 stainless steel undergoing IGSCC and (2) what corrective actions or fixes 

might be employed to ensure the cracks in BWR pipinq have small aspect ratios, 

thereby assuring leak-before-break behavior under service conditions.
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The focus of this proqram is on the large-diameter recirculation piping in BWRs. 

Preliminary work under RP700 has shown that residual stresses and plant stresses 

control both the final flaw shape and lifetime to leakage or final failure for 

growing stress corrosion cracks. The preliminary work was conducted on four-inch 

diameter piping and led to recommendations for improving both leak-before-break 

assurance and lifetime to failure by modifying the residual stress distribution. 

The present study is aimed at demonstrating that beneficial effects can also be 

achieved by altering the stress distributions at welds in larqe diameter recircu

lation piping.

In work during 1980, a three-dimensional flaw growth model will be developed and 

used to investigate the sensitivity to a matrix of input variables of (1) the 

crack shape as a function of crack depth, and (2) the time required for a leak to 

develop.

An interpretative report will be prepared describing the results of the project 

and addressing the following issues:

° What factors exert the strongest influence on crack 
shape?

° How can small aspect ratio cracks be assured?

° What are the major areas of uncertainty in the model?

° What additional research is needed and what are the
benefits to be gained?

Issuance of this report will accomplish key objective number 14.

Verify Leak-Before-Break Behavior

Four projects will be in proqress in this work area during 1980 one of which will 

be completed during the year.

KP1554-1: The Growth and Stability of Stress Corrosion Cracks in Large Diameter 

BWR Piping. The objective of Task I of this onqoing project with General Electric 

is to develop and verify analytical methods of assessing quantitatively the 

margin-to-failure for BWR pipes and safe ends containing circumferential part- 

through and through-wall cracks under normal and faulted reactor operating condi

tions. Three subtasks will be in progress during 1980.
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The objective of the first subtask is the development of failure analysis diagrams 

for Type 304 stainless steel pipes and Inconel 600 safe ends containing 

circumferential cracks subjected to the combinations of membrane and bendinq 

stresses expected under normal operating conditions. The approach will be based 

on the concept of a critical net section stress for instability of flawed 

components.

The purpose of the second subtask is to develop analysis capable of accurately 

assessing the marqin-to-failure for cracked BWR piping and safe ends under faulted 

operation conditions. A static analysis is expected to be unduly conservative 

for the short-lived transient type of loadinq resulting, for example, from a 

seismic event. The analysis developed under this subtask will allow this 

conservatism to be properly quantified.

The objective of the third subtask is to benchmark the dynamic failure marqin 

analysis. This objective will be accomplished by conducting a series of dynamic 

tests usinq General Electric's seismic shake table. Tests will involve pipe and 

safe end test sections with through-wall or part-throuqh 360° circumferential 

machined defects. Test sections will be pressurized (usinq a boot for throuqh- 

wall cracks) and dynamically loaded to failure. The failure modes will be noted 

and the loads at failure will be compared to analytical predictions. Based on 

this comparison, modifications of the analysis method or dynamic failure criteria 

may be made.

important objectives for 1980 include issuance of static failure margin diagrams 

for stainless steel and Inconel 600 (key objective 15) and selecting the configu

ration for the confirmatory dynamic pipe tests (key objective 16).

RP1554-2: Instability Predictions for Circumferentially Cracked Large Diameter 

Type 304 Stainless Steel Pipes Under Dynamic Loads. The objective of this ongoing 

project with Battelle Columbus is to apply the concepts of plastic fracture 

mechanics to the problem of analyzing the behavior of flawed BWR piping under 

normal and faulted loading. The plastic fracture mechanics approach 1s expected 

to yield more accurate predictions than the critical net section stress approach 

being pursued under RP1554-1 (which will generally be conservative) and provides a 

more direct means of delineating leak-before-break conditions.
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The key element in the fracture mechanics approach is the development of a 

suitable plastic fracture mechanics crack growth criterion for Type 304 stainless 

steel. This criterion must be valid for rapidly applied, variable amplitude, time 

dependent loading as would occur in a seismic or other faulted loadinq condi

tion. A suitable criterion will be developed during 1979 by a combination of 

experiments and analyses on flat plate specimens of Type 304 stainless steel. The 

resulting methodology will then be incorporated into a pipe fracture analysis 

model. This model will enable crack growth and instability predictions to be made 

for given initial circumferential flaws and prescribed applied loadinq condi

tions. Pipe fracture experiments— for both quasi-static and dynamic loading— will 

be conducted during 1980 and 1981 to provide critical assessments of the predic

tions of the model. The experimentally-verified pipe fracture analysis model will 

then be used during 1981 to develop safety analysis diagrams whereby the risk of 

fracture for pipes with given flaw shapes— observed or hypothetical— can be 

evaluated for various postulated normal and faulted operating conditions. These 

diaqrams will be in a form that will allow assessments of flawed piping to be 

readily made by the enqineerinq community.

During 1980 a pipe fracture predictive method for quasi-static loadinq conditions 

will be developed and verified with fracture experiments on 4-inch diameter pipes 

(key objective number 17).

Dynamically-loaded pipe fracture experiments will also be conducted during 1980.

An attempt will be made to predict the result of these experiments using the 

quasi-statically based pipe fracture model. Depending on the success of these 

predictions, a decision will be made on the need to develop a dynamic pipe frac

ture model based on plastic fracture mechanics.

RP1554-8 Flawed Stainless Steel Piping Stability Analysis. One of the objectives 

of this project with General Electric Corporate R&D, which was initiated durinq 

October 1979, is to analyze the effect of piping system compliance on the 

stability of flaws in BWR piping. Using the engineering design approach evolved 

in RP1237-1, analyses will be developed of the stability of circumferentially 

flawed stainless steel as a function of equivalent pipe compliance and crack 

length, internal pressure and type of external loading. To verify the analysis, 

a series of key experiments under carefully controlled conditions will be 

conducted on 4-inch and 10-inch stainless steel piping. The project is scheduled 

for completion in December 1980 and issuance of the final report will complete key 

objective number 19.
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RP1554-9: Application of Tearing Modulus Stability Concepts to Nuclear Piping.

This project addresses the question of the application of tearinq modulus stabil

ity concepts to nuclear piping and represents a first step toward use of the 

"fracture proof" design concept in nuclear piping system design.

In a recent NUREG report (1_) Tada et. al. applied tearing modulus stability con

cepts (2) to a selected nuclear reactor piping system qeometry with the conclusion 

that the piping system was "fracture proof". The potential for economic and 

safety benefits arising from extension of these concepts to design and inspection 

of planned or operating reactors is self-evident. It is the intent of this effort 

to conduct tests and analyses to verify the validity of the theoretically-based 

conclusions drawn in reference 1.

Structural tests will be conducted on pipes to verify the validity of the stabil

ity criterion as applied to piping. Material property tests will be conducted to 

verify that a tearing modulus developed from compact-tension specimens is applic

able to real structures. The simplified analysis of Tada Q )  will be examined as 

to the relevance of assumptions and extended as required to demonstrate its range 

of applicability.

The project will be initiated in October 1979 and completed in late 1980, and a 

final report will be issued containing an assessment of the feasibility of apply

ing the "fracture proof" design concept to the desiqn of a nuclear coolant oipinq 

system (key objective 20).

Define System Consequences of Leakage

Three projects are expected to be in progress in this work area during 1980: or.e 

project will be completed and one initiated durinq the period.

RP1554-8: Flawed Stainless Steel Stability Analysis. The major objective of this 

project with General Electric CR&D is to develop a verified analysis capable of 

predicting the mouth opening area for a given through wall crack subjected to a 

given loading. Preliminary work has shown encouraging agreement between predic

tions based on the methodology developed under RP1237-1 and experimental data from 

RP585 for crack openinq areas in axially loaded center cracked panel specimens of 

Type 304 stainless steel (Figure 10).
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Figure 10. Predictions of crack opening area for stainless 
steel panels compared with experimental results. The use 
of elastic-plastic fracture mechanics (EPFM) approach results 
in a noticeable improvement compared with the state-of-the-art 
(SOA) prediction.
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During 1980, the RP1237-1 methodology will be extended to the case of stainless 

steel piping containing through wall flaws subjected to mixed axial tension and 

bending loads. The analysis will be verified with experiments on 4-inch and 10- 

inch diameter stainless steel pipes. The project will be completed in December 

1980 and issuance of the final report will complete key objective number 21.

RP1554-10: Leakage Rates from Through-Wai* IGSCC. The ability to detect circum

ferential intergranular stress corrosion cracking (IGSCC) in stainless steel BWR 

piping in a timely manner is necessary to ensure the avoidance of pipe sever

ance. The detection of through-wall IGSCC currently depends on measuring leak 

rates by monitoring the flow into drain sumps and then correlating these measured 

rates with through-wall crack geometries. This connection is accomplished by 

adapting approximate two-phase critical flow models currently used in reactor 

blowdown analysis to assumed crack geometries and using the modified model to 

calculate leak rates.

General Electric report NED0-21000-1 dated July 1975, entitled "Investigation of 

Cause of Cracking in Austenitic Stainless Steel Piping," describes just such an 

approach.

Current literature (3_) on the subject of two-phase flow models used in blowdown 

analysis concludes that although the limited experimental flow rate data can be 

bounded, no general flow theory exists which accurately predicts observed results 

from controlled experiments. Further, orifice geometries in blowdown analyses are 

smooth and axially symmetric and quite unlike those characterizing IGSCC. Given 

this state of affairs, it is important to check the model predictions by direct 

experimental measurements.

The scope of this project, which is planned to start late in 1979, is the subject 

of a current planning study (RP1554-4). However, it is anticipated that 1980 work 

will include the construction of a test system to allow leak rates to be deter

mined under BUR operating conditions together with the generation of piping sam

ples containing throuqh-wall stress corrosion cracks. Leak rate measurements are 

expected to start during the second half of 1980 and preliminary comparisons with 

the prediction of current theories should be possible by the fall of 1980 (key 

objective number 22).
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RP1554-12: Assessment of System Consequences of Leakage. The objective of this 

new study will be to assess what system consequences would result 1f an unantici

pated throuah wall crack developed due to I6SCC at various locations In the cool

ant system of a BUR. Target dates for final scoplna of the study, the selection 

of the contractor, and the Initiation of project work are March 1980, June 1980, 

and Auqust 1980 (key objective number 23). It 1s anticipated that this study will 

consider such aspects as what combination of crack size and loading would lead to 

a mini-LOCA situation and other system related consequences of the unanticipated 

development of a through-wall crack due to IGSCC.

SUMMARY OF ANTICIPATED OUTPUTS

Upon completion of the Problem Resolution Phase of the BUR Pipe Cracking Program, 

the following outputs will be available:

a. Improved methods of detecting and sizing interqranular 
stress corrosion cracks.

b. A data base of in-plant measurements of operating 
stresses, residual stresses and weld sensitization.

c. a reliable method of identifying those welds most likely 
to undergo IGSCC in service.

d. Improved methods of monitoring crack growth and of 
detecting and locatinq leakinq cracks.

e. A well-benchmarked predictive model of intergranular 
stress corrosion crack growth in BUR piping.

f. A decision analysis model to select and justify the 
optimum course of action if IGSCC is detected.

g. A well-benchmarked integrity analysis for flawed BWR 
piping delineating the circumstances under which leak- 
before-break behavior can be expected.

h. A capability to predict the leak rates from through-wall 
cracks in piping subjected to any given loading.

i. An assessment of the failure margin for pipes containing 
just-detectible leaking cracks.

j. An evaluation of other possible system implications of 
leaking cracks.

Figure 11 is a simplified flowsheet for the Problem Resolution Phase showinq how 

the emphasis of the activities undertaken will change during the four-year perfor

mance period and illustrating the points at which the items listed above are 

expected to emerge.
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FIGURE 11
FLOWSHEET OF THE 4-YEAR PROGRAM PLAN IN THE PROBLEM RESOLUTION WORK AREA

SUWARY OF ACTIVITIES PROGRAM OUTPUTS

Prior to 1979
Efforts aimed at generic improvement of NOE capabilities in flaw detec
tion and sizing, at development of methodologies for predicting environ
mentally assisted flaw growth, and at more exact analysis of the 
instability of flawed structures of ductile materials.

1979 (EPRI funded program)
Efforts aimed at (1} defining the state of the art in BWR pipe inspec
tion, IGSCC initiation and growth, piping instability and leak-before- 
break analysis, leak rate prediction and leak consequence assessment, 
and (2) assessing how the state of the art can be improved by applying 
the generic techniques and analysis methods from the ongoing baseline 
program.

1980 (Owners Group plus EPRI baseline programs)
Owners Group projects begin to adapt advanced NOE techniques and struc
tural integrity analysis methods for application to BWR pipe cracking 
problem by developing needed equipment and instrumentation, gathering 
and supplementing baselTne data on IGSCC, and analysing flawed piping 
stability under normal loading. EPRI baseline projects continue with 
generic improvement of NOE capabilities and structural Integrity analy
sis methods.

1931 (Owners Group plus EPRI baseline programs!
Owners Group projects demonstrate improved crack detection and sizing 
capabilities in the laboratory and assess the feasibility of imoroved 
crack growth surveillance and leak detection methods. Models for IGSCC 
growth, piping stability and leak rate prediction are finalized and 
verified experimentally and the consequences of leakage due to IGSCC 
are evaluated. Under the EPRI base program, the NOE Center becomes 
available for operator tralninq and the emphasis of structural inte
grity analysis work shifts from deterministic to probabilistic methods, 
and to consideration of methods for 3-dimensional problems.

1982 and 19B3 (Owners Group plus EPRI baseline programs]
Owners Group projects carry Improved crack detection, sizing and sur
veillance techniques to the stage of commercial availability and pro
vide assistance to utilities in implementation. Equipment for improved 
leak detection and location is made available. A decision analysis 
model for determining the best response if IGSCC Is detected is 
developed and issued to the utilities together with a users guide 
including case studies to illustrate its use: the final version of 
the probabilistic model for assessing weld vulnerability is completed. 
Under the EPRI base program the NOE Center continues to provide facil
ities for operator training in advanced NOE techniques and efforts are 
made to gain ASHE Code acceptance of statistically based structural 
integrity analysis methods for ductile materials.

Development of generalized 
approaches to be applied in 
the Problem Resolution area.

Definition of specific ap
proaches to be applied in 
the Problem Resolution area; 
formulation of plans and in
itiation of project work.

Preliminary versions of 
c* and e olus a final ver
sion of item g for normal 
loading are available for 
utility use.

Items b*. e, g, h, i and j 
are completed and are avail
able for utility use.

The Owners Group program in 
the Problem Resolution area 
is completed by accomplish
ing items a*, c, d, and f 
and making them available 
for utility use in problem 
definition for individual 
plant situations.

* See text for items designated by letters.
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CRACK GROWTH AND DETECTABILITY MODELS 
OF INTEGRITY OF SENSITIZED BWR PIPING WELDS

D. 0. Harris 

Section 1

INTRODUCTION

The presence of stress corrosion cracks and occasional resulting leaks in sensi

tized welds in austenitic stainless steel piping in boiling water reactors has 

been a problem for a number of years. Countermeasures to alleviate such problems 

are therefore of interest. The purpose of this paper is to summarize a fracture 

mechanics model that can be used to calculate the benefit of suggested counter

measures in improving the integrity of BWR piping. Such a model is of obvious use 

in providing guidance in the selection of the countermeasures that would be most 

effective in reducing the incidence of pipe cracking.

The model combines fracture mechanics calculations of subcritical crack growth due 

to IGSCC with estimates of the statistical distribution of initial crack sizes in 

order to provide estimates of the probability of failure of a sensitized weldment 

as a function of time. Additionally, the influence of inspection procedure and 

schedule can be accounted for if information on the detection probability of defects 

is available. Thus, in addition to the benefits of inspection, the influence of 

the many factors entering into a fracture mechanics analysis can be accounted *or. 

These include the following: crack growth kinetics (crack velocity Tor a given 

stress intensity factor); criterion for catastrophic crack growth; crack and body 

geometry; applied stress levels and stress history; and residual stresses.

Reference 1 provides a detailed description of the model, and applies it to the 

analyses of the effects of inspection schedule, stress levels and history, pipe 

size, residual stress levels, and crack growth kinetics. Figure l-i provides a dia

gram showing the various portions of the model, and their interrelationships. It 

must be emphasized that the model is concerned only with the extension of pre

existing defects that are capable of growth by IGSCC. Thus, all the failure proba

bility estimates generated by the analysis are conditional on a crack being initially 

present that can grow as an intergranular stress corrosion crack, and that the weld 

is sensitized. These estimates should therefore not be regarded as providing a 

realistic indication of the likelihood of BUR pipe cracking in service. Additionally, 

many of the inputs to the anlaysis are not currently well known , and in such cases
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Figure 1-1. Schematic Representation of the Various Steps in the 
Analysis Showing Their Inter-Relationships.

best estimates are used. As discussed in Reference 1, major conclusions drawn 

from the analysis do not seem to be strongly influenced by the values of the input 

parameters used, but alteration of some of the values will undoubtedly occur as 

additional information becomes available.

This paper will concentrate on assessing the influence of a post-weld induction 

heating stress improvement (IHSI) procedure in improving the integrity of 10 cm 

(4 in.) lines in BWR's. As discussed in other papers at this conference, this pro

cedure redistributes welding residual stresses thereby providing a more favorable 

residual stress pattern (i.e., compressive on the inside pipe surface). Comparisons 

of conditional probabilities of pipe failures for as-welded residual stresses and 

IHSI stresses will allow the benefits of IHSI to be quantified. Calculations for 

no residual stresses will also be presented for purposes of comparison.
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Section 2

RESULTS AND DISCUSSION

A 10 cm. (4 in.) line with a wall thickness of 8.56 mm (0.337 in.) will be considered 

herein. A summary of pertinent portions of the model will be included for complete

ness— with Reference 1 providing details.

Stress Distributions: If an intergranular stress corrosion crack is present in a 

BWR pipe, it will be in the heat affected zone near a weld. Such welds are circum

ferential. Hence, such cracks are also circumferential, and their growth is control

led by the axial stress components. The applied stress of 95 MPa (14 ksi) will be 
taken to be a value representative of normal operating conditions. This is towards 

tiie low end of values commonly quoted for 10 cm. lines. This stress is considered to 

be a static applied axial stress that is uniformly distributed over the pipe wall. The 

as-welded residual stresses for a 10 cm. line will be the same as those used in Ref

erence 1, which were based on experimental observations and considerations of over

all equilibrium. The lack of axisymmetry, and presence of tensile stresses all the 

way through the pipe wall thickness ait certain angular positions are important char

acteristics of this stress system. The post-IHSI residual stresses are taken from 

Reference 2, which provides results for a given angular orientation in a 2.14 cm 

(0.843 in.) thick line. These results are nearly self-equilibrating through the 

wall thickness, and could therefore be representative of an axisymmetric distribution. 

This will be assumed to be the case, and it will be further assumed that the distri

bution for the 2.14 cm thick line is the same as for a 8.56 mm thick line (when 

expressed in terms of percentage of distance through the wall). References 3 and 4 

suggest that the IHSI residual stress system is closely approximated by axisymmetry 
and therefore the IH ! treatment has effectively erased the as-welded stress system. 

Taking x to be the distance into the pipe wall, and h to be the wall thickness, the 

IHSI residual stress can be approximated by the following equations.

°res<s>

ax + bĵ  S 0<S< 0.225 

a2 + b2S + C S2 + d2S3 0.225<S<0.775 

a3 + ^33 0.775£S<1

( 1)
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where S = x/h and the following values of the constants apply.

Units of MPa Units of ksi

-147

-110
-177

-207

1260

-514

125

60.5

-21.3

-16.0

-25.6

-30.0

182.8

-74.6

18.2

8.78

These stresses are -147 MPa (-21.3 ksi) at the inside surface, pass through zero 

at about half the wall thickness, and are 186 MPa (27.0 ksi) tensile at the outside 

wall. The overall axial stresses will be assumed to be a linear addition of the 

applicable residual stress and the applied stress.

Calculation of Stress Instensity Factors: Cracks in the heat affected zone will be 

located at the inner pipe wall. They will be assumed to be complete circumferential, 

which allows the stress intensity factor, K, to be calculated for an arbitrary axisym

metric stress distribution by -.se of existing solutions (See Reference 1 for details). 

Figure 2-1 presents Kas a function of a (= a/h, a is crack depth) for the three stress 

systems of interest. It is imnediately apparent that IHSI will significantly reduce 

crack extension below the as-welded or applied stress only conditions, because K for 

the IHSI condition is negative for all a. This means that K for the applied stress 

plus IHSI will always be below the value for applied stress plus as welded. There

fore, crack growth will be retarded by IHSI. This can be quantified by combining 

the K results with the crack growth kinetics.

Crack Growth Kinetics: The crack growth "law" for I6SCC in sensitized weldments 

under static loading is assumed to be the following.

da _ K>Kp
d t  Ai/in w -  iy

( 2 )
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c m

m = 20
a = 8  in./yr = 6.4x10“^ m/s 
P

K = 13 ksi-in.*5 = 13.2 MPa-m*5 
P

Results presented in Reference 1 for m = 8 - 20 suggest that the value of m does 

not strongly influence the results, and a value of m = 20 will be used herein. The 

growth law of Equation 2 is one of the most uncertain inputs to the analysis, and 

will undoubtedly be changed as additional information becomes available. A possible 

modification of this law would be inclusion of a threshold K below which the crack 

does not grow (Kj scc *̂ but tbis W1^  be on,lttecl ln tbe present analysis. Results 
in Reference 1 suggest that large changes in Equation 2 would be required before the 

conclusions drawn from it would be significantly altered.

<0

Figure 2-1. Stress Intensity 
Factor as a 
Function of Crack 
Depth For Complete 
Circumferential 
Interior Defects in 
a 10 cm. Line For 
an Applied Stress 
and the Two Residual 
Stress Patterns 
Considered.
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Failure Criterion: The exceedance of a critical net section stress, <Jf|ow» will be 

used as the failure criterion. Only the applied stress will be assumed to be rele

vant. Hence, the influence of residual stresses on the critical crack sizes will 

be ignored. The failure criterion can be expressed as

ac s h (1 " °appl1ed/oflow) (3)

For a wall thickness of 8.56 mm (0.337 in.), applied stress of 96 MPa (14 ksi) and 

flow stress of 380 MPa (55 ksi), a value of a of 6.4 mm (0.25 in.) results.V
Results presented in Reference 1 suggests that details of the failure criterion do 

not have a strong influence on the end results.

Tolerable Defect Depths; The tolerable defect depth at a given time and location 

is the size of an initial defect that would just grow to the critical depth within 

that time. Any larger initial would have resulted in failure at an earlier time.
The value of the tolerable defect depth, atQl(t), is of particular interest 1n the 

present context, because the cumulative conditional probability of failure at t 

is equal to the probability of initially (t=0) having a defect larger than atQ.|(t). 

Values of atQl(t) can be calculated knowing K vs a (Figure 2-1) and ac (Eq. 3). Such 

calculations must be performed numerically, but are straightforward^^. Results 

are presented in Figure 2-2 for the following three cases:

(i) applied stress only
(ii) applied stress plus as-welded residual stress

(iii) applied stress plus IHSI residual stress.

Figure 2-2 shows the following interesting features:

• All three cases start at the same a^-j. This is because atQj(o) = ac > 

and the influence of residual stresses on ac are ignored.

• Large slopes at small time. This is due to the "plateau" velocity, ap. 

When K>Kp, datol/dt = -ap. Once K<Kp, datol/dt decreases rapidly, due 

to the large value of m.

• atQ| for IHSI are much larger than for no residual stress, or as-welded 

residual stress. This is because of the compressive nature of the IHSI 

residual stresses at the inside wall, which results in considerable 

reduction in K (See Figure 2-2) with corresponding retardation of crack 
growth.
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Figure 2-2. Tolerable Defect Depth as a Function of Time For a 10 cm. 
Line, With and Without Residual Stress.

• The values of a ^  do not change appreciably after a couple of years. 

Hence, any crack extension that occurs is predicted to take place early 

in the life. The implication of this will be discussed later.

Value of Detection Probability: The probability of not detecting a defect during 

an ultrasonic inspection as a function of its depth is estimated in Reference 1 

(and references cited therein) to be

PND(a) = e + H (1-e) erfc (v In a/a*) (4)

v = 3 e = 0.005

a* in the defect depth having an approximately 50% probability of being found. A 

value of 5 mm (0.2 in.) was estimated for a crack in the heat affected zone of an 

austenitic stainless steel pipe with a wall thickness of 2.5 cm (1 in.). This value 

is 60% of the wall thickness for the 10 cm line considered here. This seems overly 

pessimistic, and a value of a* * h/5 will be assumed for further purposes herein.

Figure 2-3 presents a plot of P^0(a), along with the conditional crack depth distri
bution.

-7-



Figure 2-3. Non-Detection Probability, PND, and Pre- and Post-Inspection 
Initial Defect Distribution used in The Analysis.

Initial Crack Depth Distribution: The initial crack depth distribution is esti

mated in Reference I from information in the literature to be log-normal with a 

median value, A, of 1 mm (0.04 in.). The conditional complementary cumulative 

distribution of initial defects is given by

Pcond(>a) = {erfc[ “Ji ln a A ] ‘H } /(2_H) (5)

where y = 1, and H = erfc(-^ In h/A) - 0.033. The H terms are included so that 

pcord(>0> ' 1 and Pcond(>h* * «• This will be the pre-inspection distribution.
The distribution of defect depths following a pre-service ultrasonic examination is
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obtained by multiplying the density function corresponding to Equation 5 by PND 

(Equation 4). The conditional complementary cumulative distribution is then obtained 

by numerical integration^. Figure 2-3 presents the pre- and post-inspection distri

butions for the 10 cm. line under consideration. These initial crack size distri

butions form the input with the greatest uncertainty, because the amount of infor

mation in this area is very scanty (See Reference 1 and references cited therein)

Conditional Failure Probabilities: The conditional cumulative probability of fail

ure as a function of time [P^con(j)(t)] can be obtained by combining the tolerable 

defect depth as a function of time (Figure 2-2) with the initial crack depth distri

bution (Figure 2-3) as follows

Pf(cond)<t> ■ Pc0-d!>i'tol<t»  '6>

The use of the post-inspection distribution from Figure 2-3 provides results for a 

pre-service inspection only. Periodic in-service inspections can also be included^^, 

but will be omitted in the present analysis. Figure 2-4 presents the results for 

the conditional failure probability for the three stress system considered. Results 

are presented for only the first 10 years, because (as shown in Figure 2-2) this is 

the period during which the most activity occurs. The most striking feature of 

Figure 2-4 is the very large influence of the residual stresses— with the IHS1 

stresses being very beneficial in reducing the failure probability. IHSI results in 

-n approximate 4 order of magnitude reduction from the as-welded results, from which 

it can be concluded that IHSI is very beneficial. This result is not surprising and 

is consistent with the large influence of residual stress pattern on K (Figure 2-1) 

and the tolerable defect depths (Figure 2-2). Actually, this result could be 

expected a priori, because the axisymmetric IHSI residual stresses which are nega

tive at the inside surface will reduce crack growth below the cases of no residual 

stress, or non-axisymmetric as-welded residual stress. These observations are also 

consistent with results for 60 cm. (24 in.) lines with axisymmetric residual stresses 

that were reported in Reference 1.

Another striking feature of the results in Figure 2-4 is the very rapid increase in 

the failure probability at small time. This is because of the rapid decrease in 

at0-| shown in Figure 2-2, which was discussed earlier. The predicted concentration 

of failures at short times could be due to inaccuracies in the crack growth kinetics, 

but, as discussed in Reference 1, very large errors would be necessary before this 

behavior would be appreciably altered. A more likely cause of this discrepancy
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Figure 2-4. Cumulative Conditional Probability of Failure 
as a Function of Time Following a Pre-Service 
Inspection for an Applied Stress and the Two 
Residual Stress Patterns Considered.

is that the assumption of the presence of a pre-existing defect that can grow as 

an intergranular stress corrosion crack is in error, and that crack initiation 

plays an important role. Models for prediction of this role are left for future 

investigations.
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Section 3

SUMMARY AND CONCLUSIONS

A fracture mechanics model for the subcritical growth of intergranular stress corro

sion cracks in BWR piping weldments was combined with estimates of the size distri

bution of initial defects to provide estimates of the probability of failure of the 

weldment with various residual stresses. The case of only a pre-service inspection 

was considered, although the model is capable of including in-service inspections. 

Both as-weldeo and IHSI treated residual stresses were considered in combination 

with an applied stress in order to assess the effectiveness of IHSI in increasing 

the reliability of piping welds in 10 cm. lines. It can be concluded from the 

results that IHSI is very effective in increasing piping reliability, because the 

predicted probability of failure at times exceeding a couple of years is reduced 

by some four orders of magnitude below the as-welded condition. This is due to 

the favorable redistribution of the residual stresses resulting from IHSI, and is 
consistent with earlier results obtained by comparison of large and small diameter 

lines. Additionally, the results predict that piping failures are most likely to 

occur at short times. This is riot consistent with field observations, and suggests 

that crack initiation times may be an important portion of the observed field fail

ure time;,.
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CRITICAL STRENGTH OF REACTOR COOLANT PIPE WITH A SURFACE FLAW 

BY STRESS CORROSION CRACKING

by Koichi Kashima* and Yoshio Tomoda** 

ABSTRACT

Circumferential stress corrosion crackings (SCC) have been discovered in type 

304 stainless steel piping of the BWR primary coolant systems. It is important 

to estimate the strength of a cracked pipe in order to maintain the reliability 

of the reactor piping systems. This report describes as follows some estimates 

of the effects of SCC on the strength of the pipe.

Firstly, the behavior of SCC propagation in a corrosive environment is estimated 

by formulating the critical crack depth for the beginning of SCC growth and the 

time to pipe leakage in the environment similar to that in the reactor coolant 

pipe.

Secondly, the mechanical failure limit of the cracked pipe is estimated by deter

mining the critical applied stress for pipe failure. Some parameters related to 

elastic-plastic stress conditions near the crack tip are used to obtain the 

critical applied stress. Using the relation between the critical applied stress 

and the crack depth, it becomes clear that the possibility of pipe failure is 

small in the case of a shallow crack when applied stress is nearly equal to the 

yield stress level, although the critical applied stress decreases remarkably 

with the increase of crack depth. The efficiency of the provisions of flaw 

evaluation in the ASME Code is also examined from this result.

*) Research Engineer, Power Generating System Department

**) Senior Research Engineer, Power Generating System Department



CRITICAL STRENGTH OF REACTOR COOLANT PIPE WITH A 
SURFACE FLAW BY STRESS CORROSION CRACKING

Koichi Kashima and Yoshio Tomoda

Section 1 

INTRODUCTION

Recently, circumferential surface cracks identified as stress corrosion crackings 

(SCC) have been discovered in the recirculation bypass piping systems of several 

BWRs. Although these cracks were detected by leak detectors or non-destructive 

inspection before causing pipe rupture, elucidation of SCC phenomena and establish

ment of SCC countermeasures are urgent, in order to maintain the reliability of 

nuclear power plants. It is emphasized that three major factors, 1) stress,

2) material, and 3) environment contribute to the SCC mechanism. However, it 

may be difficult to give a systematic explanation about the mechanism of crack

ing because it is a complicated phenomenon with which the above three factors 

are closely connected. Under such circumstances, it has become necessary to 

examine the possibility of pipe failure by the presence of a crack such as SCC 

for evaluation of the durability of the piping system. The primary objective of 

this study is the estimation of effects of SCC on the strength of the pipe.

For this purpose, two different approaches are taken. Firstly, the behavior of 

SCC propagation in a corrosive environment is estimated by using some previously 

published experimental results. Secondly, the mechanical failure limit of the 

cracked pipe is estimated from local stress conditions in the cracked section, 

considering the post-yield fracture characteristics of the material. The first 

is concerned with analysis of subcritical crack growth by SCC and the second is 

concerned with analysis of an unstable fracture of the cracked pipe [1].
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Section 2

SCC PROPAGATION IN A CORROSIVE ENVIRONMENT

Stress corrosion cracking detected in the recirculation bypass line is reported

[2] to be a part-through crack on the plane perpendicular to the axial direction, 

as shown in Figure 1. Such a crack will grow in the direction of pipe thickness 

in a corrosive environment and pipe leakage may occur by the arrival of a crack 

at the external wall of the pipe. Therefore, it is necessary to estimate the 

behavior of SCC propagation for the evaluation of the residual strength of a 

cracked pipe. From the many experimental investigations [3,4] to learn the 

effective factor which controls the crack propagation of SCC, it is generally 

accepted that the crack propagation rate (da/dT) is related to the stress in

tensity factor (Kj) by the equation:

da/dT = f(Ki) (1)

The typical behavior of crack propagation is characterized as three stages 

(Region (I), (II), (III)), as shown schematically in Figure 2. In Region (I), 

the crack propagation rate is accelerated with the increase of the stress in

tensity factor and in Region (II), the crack propagation rate is nearly constant, 

expressed as,

ln(da/dT) = AiKj + Bi (Region (I)) (2)

ln(da/dT) = A2 Kj + B2 (A2 2; 0) (Region (II)) (3)

where Aj and Bj (j = 1,2) are constants determined by the combination of both 

environment and material. A threshold value of the stress intensity factor 

(Klscc) at which the crack propagation rate becomes very small is obtained from 

the experiment. If the initial value of the stress intensity factor, calculated 

from applied stress (o0) and initial crack size (ai), is less than Kjscc, SCC 

is supposed to keep an initial size or have a very small propagation rate.

Considering the above-mentioned characteristics of SCC propagation, the following
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steps must be examined:

1) Calculate the critical crack size of SCC (ac), corresponding to the 

threshold stress intensity factor (Kjscc)-

2) Compare the calculated critical crack size (ac) with the minimum 

crack size (am-jn) detectable by inspection; if ac < amin, it will 

be difficult to prevent crack propagation.

3) Estimate the time to pipe leakage from the behavior of crack growth, 

if SCC propagation is thought to be inevitable.

According to these procedures, some results of numerical examinations are des

cribed.

2-1 Estimation of Critical Crack Depth

By the fracture mechanics approach to the SCC problem, it has beccme clear that 

the beginning of SCC propagation is closely connected with the threshold value 

of the stress intensity factor (Kiscc). The criterion of SCC propagation is 

given by,

Kj(ooi a) i Kiscc (4)

where the stress intensity factor (Ki) is described as a function of applied 

stress (o0) and crack depth (a). The stress intensity factor of the circum

ferential surface crack in a pipe (Figure 1) cannot be expressed as the 

analytical solution. Therefore, it is expressed approximately by the stress 

intensity factor of the semi-elliptical surface crack in a plate (Figure 3) 

[5,6], given by,

Kj = M1M2o0»^7Q (5)

Q = $2 - 0.212 (ao/oy)2 (6)

4> = f  (sin2e + || cos2e)l/2 d0 (7)
Jo

Ml = 1 + 0.12(l-a/2c)2 (8)

"2 ' tan<ff> (9)
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(oy*, Yield Stress, a0 ; Applied Stress, 2c; Crack Width, a; Crack Depth, 

t; Plate Thickness)

because a good agreement between both stress intensity factors can be obtained 

(Figure 4). By substituting the stress intensity factor by equation (5) into 

the criterion of SCC propagation by equation (4), the critical crack depth (ac) 

is given by,

_ ir  tan aKISCC)2 
00 ' ( 10)

where k and a are constants, on the assumptions that t is equal to the thick

ness of the 4-inch diameter pipe and that the applied stress (o0) is equal to 

the yield stress (ay). By substituting Kiscc, obtained as the material pro

perty dependent on environmental conditions, into equation (10), the critical 

crack depth (ac) can be estimated.

2-2 Estimation of Crack Propagation Behavior

In this section, the behavior of SCC growth is expressed from the relation 

between the crack propagation rate (da/dT) and the stress intensity factor (Kj). 

By equations (2), (3), and (5), the crack propagation rate in Region (I) or 

(II) is reduced to the form:

da/dT = exp (AjKj + Bj)

= Cj exp (Ajmcro/tanGca)) (j = 1,2) (11)

where Aj, Bj, and Cj (= exp(Bj)) are constants in each region dependent on 

environment and material, and k and m are constants determined from given con

ditions (a/c = 0.25, oo/oy = 1, t = 8.6 mm). T(a), the period of time required 

for crack propagation from ac to a, can be derived from integrating the 

reciprocal of the right side of equation (11):

1 fat  ̂ . i f a
T(a) = ^  \exp(-Aimao tain(ka)) da + ^  expi

Jac J*tl

exp(-A2mao / tan(ka)) da (12)

where a^i is the crack depth at the transient point from Region (I) to Region 

(II), on the assumption that a is greater than a^. At pipe leakage, final
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crack depth (a) is equal to pipe thickness (t). Hence, the time to pipe leakage 

(TTL) is represented as follows:

TTL = T(t) = i- 
C1

atl
exp(-Aimao / tan(ka))da +

k

t

exp(-A2mao /tan(ka))da 

atl

(13)

2-3 Numerical Example of SCC Propagation

In this section, the behavior of SCC propagation is estimated as some numerical 

examples. The threshold stress intensity factor (Kjscc), obtained as the 

material property dependent on environmental condition, is reported to be about 

9 + 3 ksi /fn (31.9 + 10.6 kg/mm3^2) in 288°C water containing 8 ppm dissolved 

oxygen for type 304 stainless steel [7]. By substituting such a value into the 

right side of equation (10), the relation between the critical crack depth 

(ac) and applied " ess (ao) can be calculated. If the corrosive environment 

in a reactor coolo.t pipe is similar to the condition described above (288°C 

water containing 8 ppm dissolved oxygen), the threshold stress intensity factor 

(Kiscc) is estimated to take the value greater than 6 ksi /vn (^20 kg/rnm3/2).

For this value of Kiscc, the critical crack depth (ac/t) is calculated to be

0.07 under low applied stress, 13.2 kg/mm^, which is close to the yield stress 

of type 304 stainless steel at 288°C. If a detected crack depth is greater 

than this critical crack depth (ac), there is the possibility of SCC propagation 

in a corrosive environment.

Figure 5-1 shows the relation between the crack propagation rate and the stress 

intensity factor for sensitized type 304 stainless steel in 288°C water contain

ing 0.2 ̂  8ppm oxygen, as the experimental results[8]. Using such a relation,

a crack propagation model is determined as the solid line in this figure. The

behavior of SCC propagation can be estimated by substituting several constants 

(A], A2 , C], C2 , ac, af|), calculated from the crack propagation model, into 

the right side of equations (12), (13), as shown in Figure 5-2. From this, the 

following results are obtained:

1) SCC propagation is slow at first, but is rapid near pipe leakage.

2) The time to pipe leakage (TTL) is estimated at about 3000 hours under

the typical stress and environments (crack propagation model in 

Figure 5-1)
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It should be noted that TTL obtained by equation (13) is of the same c Jer as 

an interval between two periodic inspections, if it is equal to 4000 ^ 8000 

hours (6 ^ 12 months). There is the possibility that the stress corrosion 

cracking, whose size is greater than the critical crack depth (ac), may 

penetrate into pipe thickness and cause pipe leakage during the interval between 

periodic inspections. Therefore, the detection of a minute crack by inspection 

at an early stage is quite essential for the prevention of pipe leakage by SCC.
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Section 3

FAILURE LIMIT OF A CRACKED PIPE

In the preceding chapter, the characteristics of SCC growth in the corrosive 

environment were examined. After a considerable amount of SCC propagation, 

there occurs the reduction of a net section in pipe thickness, which will 

produce the possibility of mechanical pipe failure due to local high stress 

generated in the vicinity of the crack tip. For ductile materials, e.g., type 

304 stainless steel in which SCC has occurred, a plastic zone grows extensive

ly near the crack tip prior to pipe failure. In this chapter, the effects of 

a surface crack on the failure limit of a cracked pipe are described, consider

ing the post-yield fracture characteristics of material.

The elastic-plastic stress analysis is carried out to determine the local 

stress and deformation conditions near the crack tip by the finite element 

method (FEM). The analysis model is shown in Figure 6 and material properties 

of type 304 stainless steel used in calculation are as follows:

SCC is assumed to occur as a circumferential surface crack in the 4-inch dia

meter pipe, with different crack depths (a/t = 0.3, 0.5, 0.7) and a constant 

aspect ratio (a/c = 0.25). Some parameters, obtained from the stress and 

deformation conditions near the crack tip, are introduced to the fracture 

criteria for type 304 stainless steel pipe in order to predict the critical 

values of applied stress for mechanical pipe failure, as shown in Figure 7. 

They are 1) the plastic zone size in the direction of pipe thickness (w), 2) 

the net stress in a cracked section (<Tm), and 3) the deformation at the crack 

tip (eti CTOD). Some critical applied stresses,obtained from various fracture 

criteria, are discussed in the following sections.

Young's Modulus 

Poisson's Ratio 

Yield Stress 

Work Hardening Ratio

(E) = 18600 kg/irni2 

(v) = 0.28

(oy) = 14.2 kg/mm2 

(H') = 240 kg/mm2
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3-1 Estimation of Critical Applied Stress by Plastic Zone Size

The elastic stress analysis solution predicts unbounded stress at the crack 

tip. Since real material cannot sustain infinite stresses, yielding occurs and 

a plastic zone develops. When applied stress becomes greater, general yield 

occurs by the arrival of the plastic zone at the external wall of the pipe.

If plastic zone size («) is defined as the length of the plastic zone generated 

ahead of the crack tip in the direction of pipe thickness, as shown in Figure 

7, the relation between the applied stress (oo) and the plastic zone size (u>) 

can be obtained for various crack depths (a/t = 0.3, 0.5, 0.7) (Figure 8). It 

should be noted that the maximum value of the plastic zone size (w/(t-a) = 1) 

means general yield of net ligament (t-a).

For materials of high toughness, such as type 304 stainless steel, fracture is 

supposed to occur beyond general yield, because the ultimate tensile strength 

is higher than the yield stress. Therefore, the failure limit of the pipe 

containing a crack is conservatively estimated from the criterion that pipe 

failure may occur under general yield of net ligament. According to this 

criterion, the critical applied stress (oc u) is estimated at 0.477oy for a 

deep crack (a/t = 0.7) and 0.955ay for a shallow crack (a/t = 0.3), as shown 

in Figure 8. This means that the possibility of pipe failure increases at the 

applied stress less than the yield stress (ay) for a deeper crack. In this 

figure, the critical applied stresses by the solution of the Dugdale model are 

also plotted as the reference solutions.

3-2 Estimation of Critical Applied Stress by Net Stress

Elastic-plastic stress analysis for the cracked pipe provides the local stress 

distribution in a cracked section. It is known from this result that the 

equivalent stress (a) tends to have uniform distribution within the plastic 

region when applied stress comes close to the yield stress. Such a uniform 

stress is approximately equal to the net stress calculated as the average 

equivalent stress (om) across the net ligament, as shown schematically in 

Figure 7. This average stress (aj„) can be used as a parameter describing 

the stress condition of the cracked section as a function of applied stress 

(Figure 9). Hence, pipe failure is supposed to occur, when such a stress 

(om) exceeds a critical value. If the yield stress (ay) is selected as the 

critical value of the average stress across the net ligament for pipe failure, 

the failure limit of the cracked pipe can be estimated,using the criterion

1 0



that pipe failure may occur under the average stress across the net ligament 

equal to the yield stress (oj^oy = 1). According to this criterion, the 

critical applied stress (oc n) is estimated at 0.658oy for a deep crack (a/t 

= 0.7) and 0.985oy for a shallow crack (a/t = 0.3) from Figure 9. In this 

figure, some results of the critical applied stress by approximate analytic 

solution, which are obtained from the equilibrium condition of loading, are 

also plotted for reference together with the results by the finite element 

solution.

3-3 Estimation of Critical Applied Stress by Crack Tip Deformation

Within the plastic region in the vicinity of the crack tip, a remarkable de

formation is generated with the increase of applied stress. Such a deforma

tion can be treated as a parameter describing the characteristics of the crack 

tip region. The crack tip strain (e*) and the crack tip opening displacement 

(CTOD) are considered. The crack tip strain (e *) is defined as the axial 

strain at the point near the crack tip, which is indicated as point A (or B) 

in Figure 7 and the crack tip opening displacement (CTOD) is defined as the 

extrapolated value of the crack opening displacement to the crack tip, as 

shown in Figure 7. The critical values of these parameters for pipe failure 

can be determined from the nonlinear relation between applied stress (oo) and 

each parameter (et> CTOD), as follows.

In the current ASME Code [9], the collapse pressure (Pc) is determined by 

the secant line with a 50% decrease against the slope of the elastic part of 

the pressure (P) - deflection (5) curve, as shown in Figure 10. In this study, 

the critical applied stress for pipe failure is obtained, using the above 

method by replacing pressure (P) with applied stress (ao) and deflection (5) 

with the crack tip strain (e^) or the crack tip opening displacement (CTOD).

As an example, Figure 11 shows the determination of critical applied stresses 

(ac,£t) 'for some crac^s with various depths (a/t), using the nonlinear rela
tions between the applied stress (oo) and the crack tip strain (et). If the 

crack tip opening displacement is used instead of the crack tip strain, the 

critical applied stress (o c .c t o d ) a^so can obtained in the same way as 
described above.
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3-4 Discussion on the Failure Limit of a Cracked Pipe

In the preceding sections, the critical applied stresses (oc) at which pipe 

failure may occur were estimated by some criteria, using the following para

meters; the plastic zone size (u), the net stress (ojj,), and the crack tip 

deformations Ut» CTOD^* These estimated values (oc) are sumraerized as a 

function of crack depth (a/t) within the enveloped area, shown in Figure 12. 

The following results are obtained from this figure:

1) The critical applied stress decreases greatly to a lower level than 

the yield stress with the increase of crack depth and the possi

bility of pipe failure becomes larger.

2} From the mutual comparison of some critical applied stress (oc u ,

°c n* °c et’ °c CTOD^* the cn’̂ cal applied stress (oc ) estimated 
by the general yield condition is supposed to give the most conserva

tive result of all.

3) If the cracked pipe is subjected to the allowable stress equal to 

the primary membrane stress, Sm ( = 0.9o y ), determined in ASME Code 

Sect. Ill [9], the maximum allowable crack size (a/t) is estimated 

to take the value a/t = (0.31 -v- 0.47) when applied stress (ao) is 

equal to 0.9oy in Figure 12. In the provisions of flaw evaluation 

in ASME Code Sect. XI [10], the allowable flaw depth is prescribed 

to be less than a/t ^0.12 for stainless steel. Therefore, the 

provisions of the ASME Code Sect. XI can be regarded as having a 

sufficient allowance under this applied stress (Sm) as far as 

mechanical pipe failure is concerned.
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Section 4 

CONCLUSIONS

In this study, the effects of a surface crack such as SCC on the strength of 

the reactor coolant pipe are examined based on the estimations of both the 

behavior of SCC propagation in a corrosive environment and the mechanical 

failure limit of a cracked pipe.

1) SCC propagation in a corrosive environment

(1) The critical crack depth for the beginning of SCC propagation is 

obtained from the relation between the SCC propagation rate and 

the stress intensity factor. If the threshold stress intensity 

factor is assumed to be greater than 6 ksi vTn 20 kg/mm3/1 2 3) in 

the environment of high temperature (288°C) water containing 0.2 

^ 8 ppm dissolved oxygen, which is similar to the environment in 

a reactor coolant pipe, the criti-.al crack depth is calculated to 

be a/t = 0.07 under the applied stress close to the yield stress 

level of type 304 stainless steel at 288°C.

(2) SCC, whose depth is greater than critical crack depth, begins to 

grow in the direction of pipe thickness. From the variation of 

crack depth with time, it is estimated that SCC growth 's slow 

at first, but is rapid near pipe leakage. The time to pipe leak

age (TTL) is calculated at about 3000 hours in the environment as 

described in (1).

(3) Once SCC begins to propagate, pipe leakage may occur after penetra

tion of SCC into the pipe thickness. Therefore, it is essential 

for the prevention of pipe failure to detect a minute crack by 

inspection at an early stage.

2) Mechanical failure limit of a cracked pipe

(!) The critical applied stress at which mechanical pipe failure may 

occur is estimated by some criteria, using the stress and deforma

tion conditions near the crack tip. With the increase of crack
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depth, the critical applied stress decreases remarkably to the 

lower level than the yield stress and the possibility of pipe 

failure becomes larger.

(2) If the cracked pipe is subjected to the stress equal to the allow

able value of the primary membrane stress (Sm), the allowable 

crack size is estimated to be smaller than the allowable flaw 

depth prescribed in ASME Code. Therefore, the provisions of flaw 

evaluation in the ASME Code can be regarded as having a sufficient 

allowance for mechanical pipe failure under this applied stress 

(Sm) •
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Fig.l Circumferential Surface Crack in a Pipe

Fig.2 Relation between Crack Propagation Rate (da/dT) and 
Stress Intensity Factor (Kj) or Crack Depth (a)

16



Fig.3 Surface Crack in a Plate

'Tl J T

Fig.4 Stress Intensity Factor (KT) of a Surface Crack 
in a Pipe or Plate 1
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Crick Propagation Rite
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Fig.5-1 Crack Propagation Rate of Type 304 Stainless Steel

C r s c k  D e p th  ( a )

( h o u r )

Fig.5-2 Estimated Behavior of SCC Propagation
(Kiscc^lksi^T, ac=1.5mm, o0=13.2kg/rrm2)
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Fig.6 Finite Element Model of a Cracked Pipe 
(a/c=0.25, a/t=0.3}

06 | job

Fig.7 Various Parameters showing Elastic-Plastic Behavior 

near the Crack Tip (w, o^, ê ., CTOD)
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Fig.8 Relation between Applied Stress 
(oQ) and Plastic Zone Size (w)

Fig.9 Relation between Applied_Stress
(oQ) and Average Stress(om ) across 
Net Section

P (Pressure)

Fig.10 Determination of Collapse Pressure (Pc)
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Fig.12 Estimation of Critical Applied Stress (ac) for Pipe Failure
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ABSTRACT

One factor considered responsible for stress corrosion cracking near type 304 aus

tenitic stainless steel welds is the tensile stress to which the material is sub

jected while in use. This stress is a combination of the applied and the residual 

stresses and it is the residual stress that will be described. The axial ID re

sidual stress near conventional welds in schedule 80 austenitic stainless steel 

pipes is usually tensile. Several methods have been developed which will substan

tially reduce these tensile stresses or induce compressive stresses. One method 

that can be applied to pipes that are being welded is called heat sink welding, 

where the ID is water cooled after the first or second weld layer while the rest 

of the weld is completed. For pipes already welded with conventional welding tech 

niques, one can apply proper heating to the OD while cooling the ID with water.

One way to apply this OD heat is by induction heating and this method is called 

induction heating stress improvement (IHSI). Another way is by welding an OD over 

lay, called here a backlay. Residual stress results will be presented for austen

itic stainless steel pipes that have conventional welds and heat sink welds, and 

for pipes that have been given induction heating and backlay treatments after a 

conventional weld. Some residual stress techniques, their applications, and limi

tations will also be discussed.

The partial support of the Electric Power Research Institute for this work is 

gratefully acknowledged.



RESIDUAL STRESS MEASUREMENTS ON TYPE 304 STAINLESS STEEL WELDED PIPES

Richard M. Chrenko*

INTRODUCTION

Welded austenitic stainless steel pipes occasionally crack via an intergranular 

stress corrosion cracking (IGSCC) mechanism. In order for IGSCC to occur it is 

generally accepted that three factors must be present at the same location: a sen

sitized microstructure, a certain environmental condition, and a critical stress 

or strain condition. The degree to which any one factor must be present for IGSCC 

to occur depends on the intensity and overlap of the other two factors.

It is the stress factor that will be examined here, in particular the residual 

stress. The stress to which a material is subjected while in use is a combination 

of the applied stress and the residual stress. The applied stress can usually be 

calculated with reasonable accuracy, but this is not always true for the residual 

stress, although advances have been made recently in calculating welding residual 

stresses of pipes (_1). It is the residual stresses present in welded austenitic 

stainless steel pipes that will be discussed here. Most of the residual stresses 

that will be reported are those on the ID surface near welds in the axial or longi

tudinal direction (i.e., the stresses in the direction perpendicular to the weld). 

The reason for the emphasis on these stresses is that the cracking of interest is 

circumferential and starts on the ID surface.

Residual stress measurements have also been taken at shallow depths beneath the 

ID surface (4 to 5 mils or 100 to 125 pm) on all of the pipes mentioned, but no 

data are shown here on these subsurface stresses. A detailed report of these sub

surface stresses is in preparation (2J. Whereas the residual stress patterns 

change somewhat with depth beneath the ID surface, the general patterns and the 

conclusions described here in discussing just the ID surface stresses are unaltered.

♦General Electric Corporate Research and Development, P.0. Box 8, Schenectady, New 
York 12301
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These ID surface and shallow subsurface residual stresses are of greatest impor

tance in crack initiation while through wall residual stresses are most important 

for crack propagation. Such through wall stresses have also been examined and 
some preliminary results will be shown.

It is best here to define residual stresses. Residual stresses are those remain

ing in a material after removal of all applied forces. The ba-ic cause of resid

ual stress is non-uniform plastic flow someplace in a material due to some previ

ously performed operation. Residual stresses can be introduced by a number of 

mechanical, thermal, and chemical processes. Mechanical processes include such 

common phenomena as rolling, peening, and drawing. Thermal processes include heat 

treatments, casting, and welding. Chemical processes such as electroplating, oxi

dation, and corrosion can also generate residual stresses. In this paper the 

stresses due to welding and post-weld heat treatment thermal processes will be 

examined.

It is the tensile nature of the residual stress as well as the applied stress that 

is generally recognized as being a contributory factor for IGSCC near type 304 

stainless steel pipe welds. It will be shown that the axial ID residual stresses 

near conventional welds in schedule 80 stainless steel pipes are usually tensile. 

Several welding and post welding methods have been developed that can substantially 

reduce these tensile stresses or induce compressive stresses. One method that can 

be applied to pipes as they are being welded is called heat sink welding (HSW), 

whereby the ID is water cooled after the first or second weld layer while the rest 

of the weld is completed. For pipes that have already been welded with conven

tional welding techniques, one can apply heat to the 00 while cooling the ID with 

water. One way to apply this OD heat is to use induction heating. This process 

has received the name induction heating stress improvement (IHSI). Another way 

is by welding an 00 overlay, called here a backlay.

Residual stresses can be measured in a variety of ways and a brief description 

will be given of some methods. This will be followed by a more detailed descrip

tion of the x-ray and strain gauge methods, and specific details on these two meth

ods as they were used in the present studies. Finally, several examples will be 

shown of the residual stress patterns measured on pipes that had received conven

tional welds, a heat sink weld, a backlay, and induction heating stress improvement.
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EXPERIMENTAL

General Residual Stress Methods

Over the years a wide variety of techniques have been developed or are being de

veloped to determine residual stresses. One way to broadly classify these methods 

is as follows:

• mechanical

• x-ray diffraction

• optical

• ultrasonic

• magneto-elastic

• analytical

Mechanical methods are destructive by nature, although in some applications some 

of the destruction can be repaired and the part returned to service. In the ma

terial removal method, material is removed from a surface and resultant deflec

tions due to a redistribution of residual stresses is determined. The residual 

stresses present in the sample can be determined from these observed deflections.

In dissection techniques strain gauges are applied and the sample or body is cut 

or dissected in such a way that the stresses relax. The resulting deformations 

are detected by the strain gauges and are used to calculate the residual stresses. 

Common strain gauge methods involve rosette gauges and the stresses can be relaxed 

by hole drilling, trepanning, or cutting. In any of these mechanical methods the 

material removal or dissection must be done by a technique that does not induce 

its own residual stresses, or induces stresses of a magnitude that does not pro

duce significant errors in the strain gauges, or induces residual stresses that 

can be accounted for in the final calculations.

The optical methods involve the use of grids that are attached to the sample and 

the moire' fringes are examined, or else laser speckle patterns are produced. This 

method, like the mechanical methods mentioned above, is destructive.

The x-ray diffraction technique is the only routinely-used technique that is non

destructive for determining surface residual stresses. It determines the stress 

by measuring the interplanar spacings in the material. To determine subsurface re 

sidual stresses material must be removed and this method, too, becomes destructive
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Some present-day x-ray diffraction equipment is mobile (3), enabling the apparatus 

to be moved to the piece of material on which measurements are desired. The most 

recent advances in x-ray diffraction residual stress equipment have produced units 

that are truly portable (£) or that can fit inside some pipes (5_).

The various ultrasonic methods depend on the fact that a stress in or applied to 

a solid causes a change in the elastic modulii and the interatomic distance, and 

it is the resultant change in sound velocity that is measured. Grain orientation 

and metallurgical inhomogeneities must be carefully considered before quantitative 

residual stress values can be obtained. The ultrasonic method offers great prom

ise of being able to measure both the surface and bulk residual stresses nondestruc

tive^. Some recent advances in ultrasonic tomography give promise of eventually 

obtaining three dimensional residual stress distributions {6). However, at the 

present time no commercial ultrasonic apparatus is available to measure residual 

stresses on a routine basis.

The magneto-elastic residual stress methods depend on having some magnetic proper

ties sensitive to stress. Barkhausen noise analysis and magneto-restriction can, 

under appropriate conditions, measure surface and near surface stresses. However, 

these magnetic methods can only be used on ferromagnetic materials and so are not 

applicable to austenitic stainless steels.

Analytic methods have been developed that have promise of quantitatively predict

ing welding residual stress profiles. These computational methods, in general, 

use as input the heat due to welding, weld groove geometry, pipe size, and the 

thermo-mechanical properties of the base and weld metals (1_). While the overall 

residual stress profiles can often be predicted with some degree of accuracy, some 

experimentally determined residual stress data are usually required as a check on 
the analytical methods.

Of the above experimental residual stress methods, the x-ray diffraction and me

chanical methods are the most commonly used for obtaining quantitative results.

The combination of these two methods was used in the present study of residual 

stresses in austenitic stainless steel pipes.

These two methods will now be described in more detail than above.
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X-rav Residual Stress Method

The x-ray technique for measuring residual stress depends on the fact that the d 

spacings of the atomic planes in a crystalline material are altered by stress.

The d spacings can be measured by determining the angular position of the dif

fracted x-ray beam. For type 304 stainless steel the interplanar spacings are 

those of the austentitic face centered cubic crystal structure. The x-ray tech

nique is strictly valid for measurements of stress in a material that is homoge

neous, isotropic, and elastic. Polycrystalline metals satisfy these requirements 

to a good approximation and it is on polycrystalline metals that most x-ray resid

ual stress measurements are made. It is also assumed that the penetration depth 

of the x-ray beam is small so that in the volume being examined the stress perpen

dicular to the surface is zero because of lack of constraint at the surface. For 

steels using CrK;t radiation, this is a valid assumption since most of the dif

fracted energy comes from a depth of less than'vO.001 cm (^0.0005 in. or 0.5 mil).

X-ray residual stress measurements depend on the accurate determination of dif

fraction peak angles (29 angles) ard, except for some recent apparatus (4,5h this 

is done by moving an x-ray detector over a 25 range. In addition, in order to ob

tain residual stress results with most x-ray diffraction apparatus, the sample 

surface must be placed at two or more different angles with respect to the x-ray 

beams (incident and diffracted). The angle y (psi) is used as a measure of this 

relative orientation between the sample and the x-ray beams.

Several different modes exist for obtaining x-ray residual stress results. For 

purposes of clarity and as a description of the general parameters used, only the 

method depicted in Figure 1 will be described. Here f is defined as the angle 

between the selected family of atomic Dianes and the sample surface (or the angle 

between the normal to the selected family of planes and the normal to the surface). 

Figure 1 shows the specimen being rotated in order to change the T angle. How

ever, an equivalent system is one in which the specimen remains stationary and the 

x-ray beam is rotated. A sufficient number of grains are assumed to be present 

in the area irradiated by the x-ray beam so that for any given angle, T, some grains 

exist such that the same selected family of planes is inclined at the angle, T, 

with respect to the sample surface. It should be emphasized that, except for some 

very unusual cases, the grains that give a diffracted beam at v = 0° are not the 

same grains that give a diffracted beam at another y angle. In the most simple 

stress measurement the residual stress is obtained by measuring the interplanar

5



Pit INACTION NORMAL

pl«**4CT(0
I*AV»(AM

piNICf'O* 
St M il

Plf fRACTIO 
»*A» MAW

Figure 1. The two 7 method for deter
mining x-ray residual stresses showing 
the orientation of measured atomic 
planes with respect to specimen sur
faces for specimen at 7 = 0° and 7 = 7°.

spacings of the selected family of atomic planes at two different 7 angles, usu

ally 7 = 0 degrees and 7 = 45 degrees and this method is called the two 7 method. 

The spacings, d, are obtained from Bragg's law, nX = 2d sin 0, where X is the known 
wavelength of the incident radiation and e is defined in Figure 1. The "d" values 

can be related to the desired stress, o, by

(1)

where

E = Young's modulus

v = Poisson's ratio



dm = interplanar spacing of planes at an angle ? with respect to the sample 
surface (? = 0 ;

dj_ = interplanar spacing of planes parallel to surface (? = 0°)

d = stress-free interplanar spacing for which d^ or d^can be substituted 
with negligible error.

a = stress along surface in direction determined by the intersection with 
the specimen surface of the plane formed by normals to the atomic planes 
being measured at ? = 0° and ? = ? .

In the diffractometer method the data are obtained in terms of the angle 20. If 

dA and d^ of Eq. 1 are different then there will be a slight difference in 26^ _ q 

and 2e^ _ The stress Eq. 1 can be expressed in terms of 26 be differentiating 

Bragg's equation and substituting into Eq. 1 giving:

a = (20a - 20^) cot 6 . E
2

1
. 2

sin ¥

IT
180 ( 2 )

The angles 0 and 4* are expressed in degrees and 0 is the average of 0A and 6^ and 

is approximately constant. The final equation for the stress in terms of measured 

2o hence becomes:

a = KA2S (3)

This stress equation is quite suitable for obtaining residual stress values, ex

cept where slight deviations from the true stress are critical, when Eq. 1 should 

be used.

The residual stress, a, can also be obtained by using the multiple ¥ rather than 

the two ¥ method. The procedure then is to obtain 29 data at various ? values, 

make a plot of 20 versus sin2?, and find the slope, 3(20)/3(sin2?), by a least 

squares fit. The residual stress can then be calculated from a variation of Eq. 2

E . TT 
1 + v 18(5

3(20)

3(sin2?)
( 4 )

or

o - K 3(29)

3(sin2?)
(5)

7



The residual stress results are generally more consistent and accurate if the mul
tiple t method is used, even when the total time for data acquisition is the same 

as for the two f method.

Strain Gauge Stress Relief Method

The principle of the strain gauge stress relief method as used in this work is 

based on Hook's law, o = Ee, where o = stress, e = strain and E = Young's modulus. 

The strain, e, can be measured by a strain measuring device, most commonly a wire 

strain gauge. The procedure for measuring residual stresses consists in first 

mounting a strain gauge at the location at which the residual stress is to be de

termined. The strain gauge resistance, R^, is measured. Then, by some appropri

ate technique the piece of material on which the strain gauge is mounted is cut 

out of the original sample. A new strain gauge resistance, R2 , is measured. The 

amount of stress that was relieved at the strain gauge location when the material 

or which the gauge is mounted was cut out of the main body is:

Aa a E(R2-Rj ) = E AR

If the gauge and a thin coupon of material on which it is mounted are removed from 

the main body of the object, and the removal process is carefully done so that no

new stress is introduced, the coupon will fully relax. Under these conditions Ao

gives the average original residual stress throughout the thickness of the coupon 

at the strain gauge location.

If the gauge is mounted, for example, on a pipe and the pipe is cut in half or in 

quarters, then the resistance of the strain gauge will change. However, in this 

case all the residual stress present at the strain gauge location is not relaxed 

since the body on which the gauge is mounted is relatively large. The Ao here is

not the original residual stress but the stress that relaxed when the pipe was cut

in half or in quarters.

For simplicity, the above description concerned one strain gauge. However, one 

could equally apply a three element rosette strain gauge from which the principal 

stresses and directions could be calculated, as well as the stress component in 

any direction on the surface.

Through wall residual stresses can be measured by a variation of this strain gauge 

stress relief technique. For example, in order to measure the axial through wall
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residual stresses on a pipe, strain gauges are mounted opposite each other on the 

inside and outside walls of a pipe. The gauges are read and a long narrow bar on 

which the gauges are mounted is cut out of the pipe in the axial direction. The 

gauges are read again. The bar is then cut through its geometric center (i.e., 

through the center of the wall thickness) and the gauges are read. For the next 

step gauges are attached to the newly cut surfaces. Each of the halves is then 

halved and the process can be repeated to any degree of accuracy. By appropriately 

adding the stresses relaxed at each cutting step, a through wall residual stress 

profile can be determined.

Details of Residual Stress Methods Used in This Paper

The emphasis has been placed on the residual stresses present on the inside of 

pipes since stress corrosion cracking occurs, in general, on the inside of pipes 

in actual use.

Ideally, it would be convenient if one could measure the surface and subsurface 

residual stresses inside a pipe with some nondestructive technique. However, as 

mentioned above, at the present time no reliable method has been shown to have 

these capabilities. The approach used in the study reported here used a combina

tion of the x-ray and strain gauge stress relief techniques described above. The 

general procedure was to mount strain gauges on the inside and outside surfaces 

of a welded pipe at several locations near the weld. The pipe was then cut into 

pieces and the stresses relieved when the pipe was cut were determined from the 

strain gauge readings. X-ray residual stress measurements were then made on these 

pieces of pipe. The total original inside surface residual stress present at a 

certain location was obtained by adding the x-ray residual stress to the stress 

relaxed at that location when the piece was cut out of the original pipe.

The x-ray residual stress study on these austenitic stainless steel pipes used 

CrKa radiation and the (220) planes, giving a 20 of ̂ 129°. The value of E/(l+v) 

was experimentally determined using strain gauges on a bar of type 304 stainless 

steel exposed to four point bending.

Some of the x-ray residual stress data were obtained using a GE XRD-6 diffractom

eter which has parafocusing optics. The 26 values were determined by counting and 

fitting the data to a three point parabola. Most of the x-ray data were obtained 

with a Rigaku Strainflex that has parallel beam optics. Here the half value breadth
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method was used to obtain the 26 values. Tests showed that the two methods for 

obtaining the 26 values gave equivalent results.

The accuracy of the x-ray residual stress measurements for the types of samples 

used in this study was ±5 to 7 ksi (±35 to 50 MPa).

X-ray residual stress data were first obtained at the surface of the inside of the 

pipes and these stresses are called surface stresses. X-ray data were then obtained 

at various depths beneath the inside surface, generally down to a depth of 4-5 mils 

(100 to 125 urn), and these stresses are called subsurface stresses. The subsur

face stress data were obtained by electropolishing beneath the surface. Electro

polishing solutions were either: (1) 60% H^PO^ (85% assay), 40% (98% assay)

at 2.0 amps/cm2 or (2) 8% HC10^ (60% assay), 12% H20, 70% ethanol, 10% 2-butoxy 

ethanol at 2 amps/cm2. As mentioned previously only the x-ray ID surface results 

are presented in this paper, with a report on the subsurface stresses currently 

in preparation.

The strain gauges used for the stress relief study consisted of three element ro

sette gauges with the elements at 120° with respect to each other. The rosettes 

averaged the stress over a spot having a diameter of 0.060 to 0.083 inch (1.52 to 

2.11 cm). When pipes were cut into lar-:e pieces and the cuts were more than two 

inches from the strain gauge locations, the cutting was done by slow milling, an 

oil cooled band saw, or a hack saw. The stresses introduced by these cutting pro

cedures themselves produced little or no error in the strain gauge readings. When 

cuts were made closer than two inches from the strain gauges, electrical discharge 

machining (EDM) was used. Tests showed that in the worst case, the EDM cutting 

procedure produced a strain gauge error of 0.5 ksi. The accuracy of the strain 

gauge residual stress values is ±1 ksi (7 MPa).

For the through wall residual stress measurements rosette gauges were first applied 

to the OD and ID surfaces as mentioned above. However, when freshly cut surfaces 

were instrumented with gauges, linear gauges were used.

It should be emphasized that in the case of pipe welding stresses the x-ray and 

strain gauge relief methods are complementary and the residual stress values ob

tained by the two methods should not, in general, be compared as a check of the 

two methods. The strain gauge stress relief method measures the surface residual 

stress that is relieved when a pipe is cut or a piece is cut out of the pipe. If
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the piece of material on which the strain gauge is mounted is cut out of the main 

body and is thin enough, then all the stress is relieved and the relieved stress 

is the residual stress that was originally present, but averaged over the thick

ness of the coupon removed.

The x-ray residual stress gives a measure of the residual stress still present 
after a stress relief operation has occurred. Since the penetration depth of the 
x-ray beam is small, the x-ray stress is an average stress over a depth of less 
than n,0.001 inch (1 mil or 25 pm). Hence, for a welded pipe that has been cut in 
order to obtain inside diameter surface stresses, it is the summation of the strain 
gauge stress relief stress and the x-ray stress that gives the total original re
sidual stress on the inside surface of the pipe at a certain location.

RESULTS AND DISCUSSION

First some results will be given that show the tensile axial residual stresses 
that are usually present on the inside surface heat affected zone of convention
ally welded schedule 80 type 304 stainless steel pipes. Next, some results will 
be presented that indicate how these tensile stresses can be made much less ten
sile or compressive by using heat sink welding, induction heating stress improve
ment, or a backlay. Then some preliminary through wall residual stress measure
ments will be shown.

In all cases the residual stresses shown are those in the axial direction and, 

except for Figure 11, they are the residual stresses as measured with x-rays on 

the inside surfaces of the pipes. Stress relief corrections, due to stress relax

ation when pieces were cut out for x-ray measurements, have been applied where the 

relaxation data were available. These results are called "total axial residual 

stresses." Some curves show only the x-ray stresses, uncorrected for stress re

lief. These results are labelled "x-ray axial residual stresses." However, ap

plication of stress relief corrections to the uncorrected x-ray curves will not 

change the conclusion that by proper weld and post weld procedures, compressive 

or substantially reduced tensile stresses can be produced on the inside surfaces 

of welded austenitic stainless steel pipes.

Conventionally Melded Pipes (ID Surface Measurements)

These welds were conventional butt welds made with a double J weld preparation.

The pipes were machined in the counterbore area prior to welding. The Grinnel
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insert fusion and the second layer, consisting of two passes, were made using the 

gas tungsten arc (GTAW) process. The remaining weld groove was filled using the 

shielded metal arc (SMAW) process. The heat input used usually ranged from 15,000 

to 50,000 joules/inch (6,000 to 20,000 joules/cm). Pipes of nominal 4, 10 and 

26 inch (10, 25 and 66 cm) diameter were welded using the same general procedure. 

The type 304 stainless steel pipes examined were schedule 80. The one 4 inch 

(10 cm) diameter type 316 stainless steel pipe had a wall thickness approximately 

twice that of schedule 80 4 inch (10 cm) pipe.

Figure 2 shows axial x-ray residual stress profiles on the inside surface of a 

26 inch (66 cm) diameter pipe at several azimuths around the circumference. Sim

ilar bell shaped residual stress distributions with distance from the weld center 

line have been measured at other azimuths on this 26 inch (66 cm) pipe as well as 

on a number of other pipes of 4, 10 and 26 inch (10, 25 and 66 cm) diameter. The 

axial stresses are compressive further from the weld and tensile closer to the

VARIOUS AZIMUTHS 
I-M T  AXIAL RESIDUAL STRESS 

ID  SURFACE
ZS iA  (S te a l DIAMETER FIFE 

TTPE 304 SS 
CORVEMTIOMAL MELD

raft/ 304

Figure 2. Comparison of resid
ual stress patterns at several 
azimuths of a 26 inch (66 cm) 
diameter schedule 80 type 304 SS 
pipe with a conventional weld. 
X-ray ID surface residual stress 
in axial direction as a function 
of distance from weld center 
line.
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weld. A closer examination of Figure 2 shows that the x-ray residual stress pro

files are slightly different at some azimuths. This variation with azimuth around 

the circumference is also present when the stress relief correction is applied to 

the data of Figure 2, and the variation is also present for other diameter pipes.

This azimuthal variation for the pipe of Figure 2 is shown in Figure 3. This fig

ure shows the variation in x-ray and total axial residual stresses 0.2 inch from 

weld center line. This distance was chosen since this location is in the weld heat 

affected zone, it is the area closest to the weld on which reliable x-ray and strain 

gauge measurements can usually be made, and the stresses at this location are usu

ally tensile or more tensile than the stresses further from the weld. This azi

muthal variation in residual stress is less further from the weld and decreases 

with larger pipe diameter. This may be attributed to the larger thermal heat sink 

of the thicker walled larger diameter pipes making thermal variations around the 

pipe during welding less severe as compared to smaller diameter pipes.

Figure 3. Azimuthal (circumferential) variation 
of x-ray and total 10 surface residual stress 
in axial direction for a 26 inch (66 cm) diam
eter schedule 80 type 304 SS pipe with a conven
tional weld. Stress location is 0-2 inch (0.5 cm) 
from weld center line.
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Even though an azimuthal residual stress variation exists on the welded pipes, it 

is interesting to plot the residual stress profiles for the most tensile azimuths 

for 4, 10, and 26 inch (10, 25 and 66 cm) diameter welded pipes that were welded 

using similar welding procedures. The residual stress profiles for the most tensile 

azimuths for the various pipe sizes are shown in Figure 4. The smaller the pipe 

diameter the more tensile is this most tensile stress in the weld heat affected 

zone. It is believed that for the smaller diameter pipes the smaller wall thick

ness provides a poorer heat sink and less stiffness to bending during the welding 

process. The high welding temperatures extend over a larger area and the effec

tive width of the weld shrinkage ring is larger. Hence, the resulting axial re

sidual stresses are larger.

VARIOUS DIAMETER PIPES 
MOST TENSILE AZIMUTHS 

TOTAL AXIAL RESIOUAl STRESS 
ID  SURFACE

TYPE JOA SS PIPES
TENSION I MPa I CONVENTIONAL MELDS TENSION IASI)

Figure 4. Most tensile azimuth re
sidual stress patterns for 4, 10, 
and 26 inch (10, 25, and 66 cm) diam
eter schedule 80 type 304 SS pipes 
with conventional welds. Total ID 
surface residual stress in axial 
direction as a function of distance 
from weld center line.
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While the axial residual stress profiles measured on conventionally welded sched
ule 80 type 304 pipes are usually as shown in Figures 2 and 4 with the highest 

tensile stresses close to the weld, occasionally a profile such as shown in Fig

ure 5 is obtained. Here the most tensile stress is not close to the weld. Never- 

cneless, the important point to remember about the residual stresses on the inside 

surfaces of these conventionally welded pipes is that they are invariably tensile 

in the critical heat affected zone near the weld. Such a tensile character is be

lieved to be one of the factors responsible for the IGSCC that occasionally occurs 

in these welded type 304 stainless steel pipes.

H i t  H i l l  RESIDUAL STRESS 
ID W tfftCf

4m  (iQtftl (MMIETER f  #£ 
TTRf 304 SS 

CONvCRtMMAl RELO

Figure 5. Residual stress 
pattern occasionally measured 
for a 4 inch (10 cm) diameter 
schedule 80 type 304 SS pipe 
with conventional weld. X-ray 
ID surface residual stress as 
a function of distance from 
weld center line.

Heat Sink Welding (ID Surface Measurements)

One method to reduce the axial tensile residual stresses or even induce compres

sive stresses on the inside surfaces of pipes as they are being welded is to use 

heat sink welding (HSW). In this process the root pass and the second weld layer
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are made using conventional pipe welding practice with inert gas back purge. The 

inside is then cooled with still or flowing water or a water spray while the subse

quent weld passes are completed. With the inside surface kept relatively cool 

during most of the welding passes there is less probability of circumferential 

weld shrinkage than with a conventionally welded pipe. In addition, when the outer 

weld layers shrink axially while cooling, they tend to induce compressive stresses 

on the already cool inside surface (7,8).

Figure 6 shows total axial inside surface residual stresses for a 10 inch (25 cm) 

diameter pipe that had been welded using conventional welding practices and a 

10 inch (25 cm) pipe that had been welded using heat sink we Vn g. The stresses 

on this stagnant water cooled heat sink welded pipe are much less tensile than for

TOTAL AXIAL RESIDUAL STRESS 
10 SURFACE

tO in (ttcm ) DIAMETER PIPES 
TYPE 304 SS

304 SS y z / i  304 SS

TENSION (MPq) ~  TENSION (XSD

Figure 6. Comparison of resid
ual stress patterns for 10 inch 
(25 cm) diameter schedule 80 
type 304 SS pipes with conven
tional -and heat sink welds. 
Total ID surface residual 
stress in axial direction as 
a function of distance from 
weld center line.
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the conventionally welded pipe and are actually compressive in the critical heat 

affected zone.

figure 7 shows the x-ray axial inside surface residual stresses on conventionally 

welded and heat sink welded thicker-walled type 316 stainless steel spool pieces 

of 4 inch (10 cm) diameter. With argon backing during welding the stresses are 

tensile, whereas with an inside water spray during welding the stresses are com

pressive. The heat sink welded pipe had the root fusion pass made using accepted 

welding practices and the water spray cooling was started on the next or second 
layer.

X-RAY AXIAL RESIDUAL STRESS 
ID SURFACE

Ain ItOcr) DIAMETER PIPE

Figure 7. Comparison of residual stress 
patterns for 4 inch (10 cm) diameter type 
316 SS spool pieces with conventional and 
heat sink (ID water spray cooling) welds. 
X-ray ID surface residual stress in axial 
direction as a function of distance from 
weld center line.

The stress pattern for the argon backed pipe is somewhat different than patterns 

obtained from similarly welded schedule 80 type 304 stainless steel pipes that 

show tensile stresses near the weld and then compressive stresses further from the 

weld (see Figures 2, 4, and 6). Perhaps the difference is due to the greater wall 

thickness of this type 316 stainless steel spool piece near the weld (thickness 

n*2X thickness of schedule 80 4 inch (10 cm) diameter pipe).
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The crves shown in Figure 7 are x-ray residual stresses that have not been cor

rected for the stress relief that may have occurred when the pipes were cut for 

the x-ray examination. However, based on other 4 inch pipe stress relief data, 

these patterns would not change significantly if a stress relief correction were 

applied.

Besides the compressive stresses induced by the heat sink welding, an added bene

fit with respect to stress corrosion cracking by using thick spool pieces as a 

final weld closure, is that less stress and strain occurs near the weld for an 

applied load.

Induction Heating Stress Improvement and Backlay (ID Surface Measurements)

As shown above, stainless steel pipes of the kind usually used in power generation 

plants invariably have tensile axial residual stresses induced on the inside sur

face when welded using conventional welding practices. The tensile stresses pres

ent on already welded pipes can be made much less tensile and in most cases com

pressive by applying appropriate heating to the outside surface while cooling the 

inside surface with water. The compressive stresses are induced by essentially 

the same physical process as in the case of heat sink welding. In other words, 

the axial contraction of the cooling outside layers of the pipe pull the already 

cool inside layers of the pipe into compression. However, induction heating (,9) 

and backlays []_) are meant to be applied to pipes that have already been welded, 

whereas heat sink welding is applied to pipes as they are being welded.

In the induction heating stress improvement method this external heat is supplied 

by induction heating. Figure 8 shows total inside surface axial residual stress 

profiles for two 4 inch (10 cm) diameter pipes that had been made at the same 

time. One is as-welded and the other had been given an IHSI treatment after being 

welded. The IHSI treatment induced compressive axial residual stresses on the in

side surface of the pipe.

In the backlay method the external heat is supplied by applying an OD overlay.

A backlay is the name given the process whereby a stainless steel overlay is ap

plied on the OD of an already welded pipe while cooling the ID with water. This 

backlay is placed over a conventional circumferential weld and the typical appear

ance of a weld covered by a backlay is shown in Figure 9. Figure 10 gives the x- 

ray axial residual stress profile for the inside surface of an already welded pipe 

on which a backlay as shown in Figure 9 had been applied. The inside was cooled
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TOTAL AXIAL RESIDUAL STRESS 
10 SURFACE

4 in lid cm I DIAMETER PIPES 
TYPE 304 SS

^ 304 SS______________*£LI) _____________ 304 SS j
TENSION (MP«) • X & X ' TENSION IKSII

Figure 8. Comparison of residual stress 
patterns for 4 inch (10 cm) diameter 
schedule 80 type 304 SS pipes, one with 
a conventional weld and one with a con
ventional weld followed by an IHSI treat
ment. Total ID surface residual stress 
in axial direction as a function of 
distance from weld center line.

Figure 9. View of a three layer full backlay 
applied after a conventional circumferential 
weld was made in a 4 inch (10 cm) diameter 
schedule 80 type 304 SS pipe. The ID is water 
or water spray cooled while the backlay is 
applied.
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X-RAY AXIAL RESIDUAL STRESS 
ID SURFACE

4ia (10cal DIAMETER PIPE 
TYPE 304 SS

Figure 10. Residual stress pattern for 
4 inch (10 cm) diameter schedule 80 type 
304 SS pipe after application of a back- 
lay. The circumferential weld was first 
made and then the backlay was applied while 
the ID was water spray cooled. X-ray re
sidual stress as a function of distance 
from weld center line.

by a water spray while the backlay was being applied. Compressive axial residual 

stresses are induced.

Another benefit of the backlay, besides the compressive stresses that are induced 

on the inside, is that the area near the weld is thicker than the rest of the pipes, 

with the result that for a given applied load the stress and strain in the ID weld 

heat affected zone are reduced.

Induction Heating Stress Improvement (Through Mall)

Through wall axial residual stress measurements are currently in progress and a 

through wall residual stress pattern is shown in Figure 11 for a 4 inch (10 cm) 

diameter type 304 stainless steel pipe that was welded, ground on the ID, and then 

given an IHSI treatment. Axial residual stresses are shown at a location 0.45 inch 

(1.14 cm) from weld center line. The stresses in the ID half of the wall thick

ness are compressive. As mentioned previously, one should not and cannot make 

detailed comparisons of x-ray and strain gauge stresses. Nevertheless, it is in

teresting to compare the strain gauge through wall stresses at the ID surface with 

the corrected x-ray stresses on the ID surface at two other azimuths on this same 

pipe. At 0.45 inch from weld center line the through wall stress data show 48 ksi
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THROWN WALL AXIAL RESIDUAL STRESS 
045 li.  (I.Mca) FROM WELP CENTER LINE 

41a. (IOt«l DIAMETER PIPE 
TYPE 504 SS

CONVENTIONAL WELO ♦  6RIND » IHSI 

IC OD
TENSION (MPa) TENSION (KSI1

Figure 11. Through wall residual 
stress pattern for a 4 inch (10 cm) 
diameter schedule 80 type 304 SS 
pipe that had a conventional weld, 
was ground, and then was given an 
IHSI treatment. Through wall 
axial residual stress at a distance 
of 0.45 inch (1.14 cm) from weld 
center line.

compression, whereas the corrected x-ray stress is ^35 ksi compression. This is 

in reasonable agreement and indicates that an IHSI treatment does induce compres

sive stresses on the ID surface and also part way through the wall thickness.

SUMMARY AND CONCLUSIONS

Axial residual stress measurements have been made on a number of austenitic stain

less steel pipes of different diameters and with different welding and post weld 

procedures. Most of the residual stress values were obtained from x-ray measure

ments giving axial residual stresses at the ID surface. Stress relief corrections 

have been applied where available for the stresses that relaxed when the pieces 

used for x-ray examination were cut out of the original pipes.

The axial ID residual stresses near welds in conventionally welded schedule 80 

type 304 stainless steel pipes are usually tensile and can vary in magnitude with 

pipe size, among pipes of the same diameter, and around the circumference of any
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one pipe. Smaller diameter pipes have higher tensile stresses near the weld than 

larger diameter pipes. To reduce the possibility of intergranular stress corro

sion cracking near the welds it is desirable to reduce these tensile stresses or 

even induce compressive stresses.

It is shown that for pipes being welded the application of heat sink welding can 

induce compressive ID axial residual stresses near the weld. For pipes that have 

already been welded using conventional welding practices, post weld induction heat

ing stress improvement or backlay treatments can induce compressive ID axial re

sidual stresses.

Some through wall residual stress measurements on an IHSI treated pipe indicate 

compressive axial residual stresses are present on the inside half of the wall 

thickness.
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ABSTRACT

Residual-stress measurements on Type 304 stainless steel Schedule 80 4-,

10-, and 26-in. pipe weldments are presented. Both strain-gauge and x-ray diffrac 

tion techniques have been used. The bulk of the measurements have been made on 

the inner surface, since these stress levels presumably control the initiation of 

intergranular stress-corrosion cracking. Complete stress profiles have also been 

obtained through the thickness of the pipe wall, since the throughwall distribu

tion controls the growth of a crack once it has initiated.

Both azimuthal and axial variations in the residual-stress distributions have 

been considered, but the strongest emphasis has been given to the measurement 

of the peak tensile axial stresses in the region 2-3 mm from the weld fusion 

line on the inner surface where peak sensitization levels generally occur.

Of the weldments examined, the 26-in. weldment had the lowest peak stress on 

the inner surface. However, the 10-in. weldment had the highest peak stress, 

and thus no clear trend in the variation of the peak residual-stress level on the 

inner surface with pipe size is evident. On the other hand, there appear to be 

significant differences in the distributions of throughwall residual stress in 

the 4- and 10-in. weldments as compared with the 26-in. weldment. At least at 

certain azimuthal positions, not only are there large tensile stresses on the 

inner surface of the 4- and 10-in. weldments, but also the throughwall residual 

stresses remain tensile through a large part (<^50-75%) of the wall thickness.

This is not true for the 26-in. weldment. Although there may be significant 

residual tensile stresses on the inner surface, the residual stresses become 

strongly compressive at a depth >15% of the wall thickness.
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MEASURED RESIDUAL STRESSES IN TYPE 304 
STAINLESS STEEL PIPING BUTT WELDMENTS

W. J. Shack and W. A. Ellingson

Section I 

INTRODUCTION

Failure analyses of Boiling Water Reactor (BWR) piping cracks at Argonne National 

Laboratory (ANL) (1^2) and elsewhere (3) have shown that the cracks developed 

through intergranular stress-corrosion cracking (ISCC). Austenitic stainless 

steels become susceptible to ISCC in a BWR environment in the presence of micro- 

structural changes, commonly called sensitization, and high stresses. It is well 

known that sensitization frequently occurs in the heat-affected zone of austenitic 

stainless steel pipe weldments. Since BWR piping systems have been designed in 

conformance with all applicable codes, the source of the high stresses usually 

associated with ISCC is thought to be the residual stresses associated with 

welding.

Most measurements of residual stress near weldments have been made on butt-welded 

flat plates, and residual stress distributions are reasonably well characterized 

in this case (4). The stress parallel to the weld direction is tensile in a re

gion that may extend to several times the plate thickness on either side of the 

weld centerline. Close to the weld, stresses approaching yield may be expected. 

The stresses transverse to the weld are generally small compared to those parallel 

to the weld, unless the outside edges of the plate are constrained during welding.

Some preliminar measurements of the residual stress distributions near butt welds 

in cylinders are available (5-7), but only weldments between thin-walled cylinders 

(t/R < 0.6, where t is the wall thickness and R is the radius of the cylinder) 

were considered. Analytical models which attempt to predict residual stresses 

near butt weldments have been developed (5-10). However, in order to reduce the 

computational effort to reasonable levels these models have assumed that the re

sidual stress distribution is axisymmstric. The experimental results in Refs. 5 

and 6 indicate that this is a reasonable assumption for thin-walled cylinders; 

however, its validity for heavy-walled, multipass pipe weldments has not been 

demonstrated.
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The residual stresses in the weldment are due primarily to the thermomechanical 

deformations occurring during the welding process and the pre- and postweld sur

face treatments. The stresses due to the surface treatments are significant only 

in a shallow surface layer, typically 0.25 mm thick. Their contribution to the 

net force and bending moment acting on a section through the pipe wall is very 

small. Strain-gauge techniques measure cnanges in strain due to the relief of the 

net force and moment when the section parts out. The stress redistribution due to 

the removal of the force and moment is indicated schematically in Fig. 1-1. The 

Initial residual-stress distribution is shown in Fig. 1-1(a). There is a smoothly 

varying distribution through the wall of the pipe and a sharp spike, which re

presents the surface stresses produced by surface treatment. The unloading that 

occurs during the parting-out process is illustrated in Fig. 1-1(b). Although the 

initial stress redistribution may be highly nonlinear, the elastic unloading pro

duces a linear redistribution, since the specimen is basically a beam. The change 

in stress is detected by strain-gauge measurements

Aal = aR " CL •

where aR denotes the actual residual stress and denotes the contribution from 

the linear distribution relieved during the parting-out process. Because of the 

nonlinearity of the initial stress distribution, &o^ is not equal to the actual 

stress at the inner surface. The stress changes corresponding to Aa.j, i.e., data 

obtained from full-thickness specimens, are identified in later discussion and 

figures as "bar data."

Because the stresses are not completely relieved by parting out the specimen, 

the full-wall-thickness specimen must be cut again using a 1.5-mm-dia wire electrode 

to produce a final 1.5-mn-thick specimen The stress redistribution that occurs 

Is shown 1n Fig. 1-1(c). This section 1s sufficiently thin that all the stresses 

except those in a surface layer are relieved, and the actual stress at the inner 

surface is approximately

o E Aa-j + 4^2 •

The stress changes o * Ao^ + Ac^ (1.e., data obtained from the 1.5-nm-thick spec

imens) are identified in later discussion and figures as "strip data."
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Fig. 1-1. Schematic of Residual-stress Redistribution During Stress-relief Oper
ations. (a) Residual stress distribution through the wall for a thick-walled Pipe 
weldment, (b) Stress redistribution as a specimen is parted out from the weld
ment. (c) Stress Redistribution as a thin "strip" is cut from the full-wall- 
thickness specimen. AHL ?!eg. No. 306-78-693.

Detailed measurements of the residual-stress distributions (11) indicate that, ex

cept for the rapidly varying surface stresses, the distribution of residual stress 

through the thickness of *he 4-in. weldments in reasonably linear in most cases. 

For a linear distribution, the "bulk" residual stress as measured by strain gauges 

on the inner and outer surfaces of full-wall-thickness specimens gives a good

-3-



measure of the stress available to drive the crack. The "bulk" stress on the 

inner surface obtained from the strip specimens is a better measure of the 

actual stress at the inner surface, although there may still be significant 

unrelieved surface stresses. The difference between the "bulk" residual-stress 

values obtained from the bar and strip specimens is due to the nonlinearity of 

the residual-stress distribution and the relief of the surface stresses. Rough 

estimates indicate that a significant portion of any observed stress differences 

between the bar and strip specimens from 4-in. weldments may be attributed to 

the stresses induced by surface treatments (TJ_)- A significant nonlinear residual- 

stress distribution remains in the thick 26-in. weldment after the specimen is 

parted out, and hence the meaningful ness of "bulk" residual stresses obtained 

from full-thickness specimens is difficult to evaluate.

To predict crack propagation through the wall, the complete throughwall distri

bution of stress must be known. To obtain this information for the 4- and 10-in. 

weldments, a full-thickness specimen was cut from a weldment and successive thin 

(0.4 mm) layers were removed from the inner surface. To ensure the removal of 

a uniform thickness of material, a special electric-discharge machining (EDM) 

apparatus was built. After each layer was removed, strain gauges mounted on 

the outer surface were read, and the strain relief due to the removal of each 

layer was recorded. Since the removal of each layer produces a redistribution 

of stress in the rest of the specimen, the measured strain relief cannot be used 

to directly calculate the residual-stress distribution in the undisturbed weld

ment. However, an analysis that accounts for the redistribution of stress was 

developed (llj.

It is impractical to remove layers thicker than O.fi mm by this EDM technique. 

Thus, use of this technique to analyze the throughwall residual stresses in the 

26-in. weldment, which is <33 mm thick, becomes prohibitively expensive, and 

an alternative technique was used. Strain gauges were laid on the inner and 

outer surfaces of the specimen. The specimen was then cut into two equal-thick

ness parts by EDM with a 0.7-mm-dia wire electrode. The axial stress changes on 

the inner and outer surfaces (denoted and a°, respectively) can be measured 

directly. A piece-wise linear distribution of stress is assumed over each half; 

the slopes and intercepts of these distributions can be determined from the
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measured stresses and and the condition that the net force and moment on 

the specimen must vanish (12.). By repeating the process for the two halves of 

the specimen a better approximation can be obtained and the process can obviously 

be continued if necessary.
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Section 2

RESULTS ON 4-, 10-, AND 26-IN.-DIAMETER PIPING

Experimental residual-stress measurements on Type 304 stainless steel Schedule 

80 4-, 10-, and 26-in. pipe weldments have been made by AML (T_T_) and the General 

Electric Company (GE) (3,14) using both strain-gauge and x-ray diffraction 

techniques. Some of these weldments are from autopsy pipes, i.e., pipes that 

have seen actual field service. Others are mock-ups that have been fabricated 

following standard nuclear-industry welding practices, but which have not been 

in actual reactor service.

Both azimuthal and a>.ial variations of the residual-stress distributions have 

been considered, but the strongest emphasis has been given to the measurement of 

the peak tensile axial stresses on the inner surface and through the wall in 

the region 2-3 mm from the weld fusion line where the peak sensitization levels 

generally occur.

The test matrix for the ANL residual-stress program is shown in Table 2-1. The 

mock-up weldments, provided to ANL by the Nuclear Energy Division of GE, were 

seven-pass 2G welds; the first pass was made with a consumable Grinnell insert. 

The basic geometry of the weld preparation is shown in Fig. 2-1. Details of the 

weld heat input for each mock-up weld are given in Ref. 11. The placement of 

strain gauges on each weldment is also described in detail in Ref. 11. Surface 

roughness dictated minor variations in placement for each weldment; the general 

pattern, however, is shown schematically in Fig. 2-2.

Detailed residual-stress measurements from one 4-in. weldment (identified in 

Ref. 11 as weldment 27A) are presented in Figs. 2-3 to 2-5. Figure 2-3 shows 

the aximuthal distribution of bulk residual stress on the inner surface at gauge 

positions 1 to 3 (2.4, 7.9, and 18.2 mm from the edge of the weld fusion line, 

respectively; see Fig. 1-1). The solid lines indicate data obtained from the 

thin (1.5-mm) strip specimens, and the dashed lines indicate data obtained from

-7-
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Fig. 2-4. Azimuthal Distribution of 
Axial and Hoop Stresses at Gauge 
Positions 5 to 7 for Weldment W27A. 
Neg. No. MSD-63925.

POSITION (mini

Fig. 2-5. Axial Variation of 
Hoop and Axial Stresses Across 
the Weld for Weidment W27A. 
Neg. No. MSD-64071.
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the full-thickness (8.6-mm) bar specimens. Figure 2-4 presents the same informa

tion at gauge positions 5 to 7.

The stresses at most gauge positions show a periodic oscillation, and to accu

rately map the residual welding stresses, gauges must be placed at no greater 

than 45° intervals. However, the peak-to-peak variations at each gauge position 

are modest compared with the magnitude of the peak stress at each position.

Since the yield strength at the service temperature of 280°C (540°F) is 160 MPa 

(22 ksi), Figs. 2-3 and 2-4 show that at gauge positions 1 and 5, 2.4 mm from 

the weld fusion line, significant portions of the inner surface are stressed be

yond the nominal initial yield strength of the material.

Axial stress distributions normal to the weld at 45, 90, 180, and 270° are 

presented in Fig. 2-5. They conform to the expected bell-shaped distribution 

(3-5). The results of the bulk residual-stress measurements are summarized in 

Table 2-2, which shows the average stresses, peak stresses, and peak-to-peak 

variations at each gauge position. These results are in reasonably good agree

ment with analytical calculations presented in Ref. 10. The bulk residual 

stresses in the other mock-up weldments examined in the ANL study are presented 

in Tables 2-3 and 2-4. Detailed discussions of these results are-available in 

Ref. 11.

The 10-in. pipe weldment examined at ANL is a field-welded piece from the Dresden-2 

BUR. It was taken from the Loop A emergency core-spray line just ahead of a 

check valve on the pump side.

Figure 2-6 presents the azimuthal distribution of bulk residual stress on the 

inner surface at gauge positions 1 and 2 (2 and 14 mm from the edge of the weld 

fusion line, respectively). The solid lines indicate data obtained from thin 

(1.5-mm) strip specimens, and the dashed lines indicate data obtained from the 

full-thickness (8.6-mm) bar specimens. Figure 2-7 presents the same information 

for gauge positions 4 and 5 (same positions as 1 and 2 but on the opposite side 

of the weld).
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Fig. 2-6. Azimuthal Variation of Axial and Hoop 
Stresses at Gauge Positions 1 and 2 for the 
10-in. Dresden 2 Weldment. Neg. No. MSD-64069.

Fig. 2-7. Azimuthal Variation of Axial and Hoop 
Stresses at Gague Positions 4 and 5 for the 
10-in. Dresden 2 Weldment. Neg. No. MSD-64065.
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Table 2-2

ROSETTE POSITION

SUMMARY OF BULK RESIDUAL STRESSES FOR WELDMENT W27A

3 2 1 4 5 6 7

Average -164 93 136 236 193 157 0 MPa
Axial Stress -23 13 19 33 27 22 0 ksi

Average -164 21 143 242 250 71 -79 MPa
Hoop Stress -23 3 20 34 35 10 -11 ksi

Peak -107 96 170 273 249 234 64 MPa
Axial Stress -15 13 24 38 35 33 9 ksi

Peak -151 0 202 219 296 137 -51 MPa
Hoop Stress -21 0 28 31 41 19 -7 ksi

Axial Peak- _ _ _
to-Peak «/ 159 89 347 112 218 164 MPa
Variation 12 22 13 48 16 31 23 ksi

Hoop Peak- 
to-Peak 105 118 122 122 130 132 127 MPa
Variation 15 16 17 17 18 15 18 ksi

© © © © © © ©
Meld
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Table 2-3

SUMMARY OF BULK RESIDUAL STRESSES FOR WELDMENT W27B

ROSETTE POSITION
2 1 3 4

Average 14 83 84 141 MPa
Axial Stress 2 12 12 20 ksi

Average -55 104 114 219 MPa
Hoop Stress -8 15 16 30 ksi

Peak 159 352 347 367 MPa
Axial Stress 22 49 49 51 ksi

Peak 59 364 301 413 MPa
Hoop Stress 8 51 42 58 ksi

Axial Peak-
to-Peak
Variation

409
57

317
44

387
55

464 MPa 
65 ksi

Hoop Peak-
to-Peak
Variation

272
38

451
63

301
42

377 MPa 
53 ksi

0 0

©©

Weld

Light
Grinding

Heavy
Grinding
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Table 2-4

SUMMARY OF BULK RESIDUAL STRESSES FOR WELDMENT W27C

ROSETTE POSITION

2 1 3 4

Average 140 229 220 234 MPa
Axial Stress 20 32 31 33 ksi

Average 21 186 250 236 MPa
Hoop Stress 3 26 35 33 ksi

Peak 199 315 256 326 MPa
Axial Stress 28 44 36 46 ksi

Peak 52 270 401 346 MPa
Hoop Stress 17 38 56 48 ksi

Axial Peak-
to-Peak
Variation

113
16

158
22

97
14

304 MPa 
25 ksi

Hoop Peak- 
to-Peak 70

10
147
21

235
33

211 MPa 
29 ksiVariation

© o 1® ©
Weld

Heavy Machining Light Machining
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Unlike the 4-in. weldments, large differences exist between the stress values ob

tained from the bar specimens and those from the strip specimens, at least for 

gauge positions close to the weld. For example, the axial stress at position 1 

obtained from the strip specimens has a peak value of 360 MPa (50 ksi); the peak 

axial stress at position 1 obtained from the bar specimen is only 215 MPa (30 ksi).

Two striking qualitative differences exist between the stress distributions shown 

in Figs. 2-6 through 2-8 for a 10-in. weld and those typical of the 4-in. pipe 

weldments. First, although the hoop and axial stresses were virtually equal for 

all the 4-in. weldments examined, large differences in magnitude exist between 

the axial and hoop stresses for the 10-in. weldment, with the axial stress 

generally much larger than the hoop stress. A difference is also observable in 

the axial distribution of stress at fixed azimuthal angles shown in Fig. 2-8.

The hoop stresses follow the expected bell-shaped distribution (e.g., see Refs.

4 and 5), with the peak stresses occurring on the weld; however, the axial stresses 

follow a bimodal "rabbit-ear" distribution with the peak stresses occurring on 

either side of the weld. Similar results have been observed in other investiga

tions (12-13), and several explanations of the phenomenon have been proposed. 

Computer simulation of the welding process using an elastic-plastic finite-element 

model also predicts a bimodal distribution (_3).

The results of the bulk residual-stress measurements are summarized in Table 2-5, 

which shows the average stresses, peak stresses, and peak-to-peak variation at 

each gauge position.

To assess the importance of preweld surface treatment on the final postweld 

distribution of residual stress, x-ray diffraction techniques were used in the 

ANL study (11_) to measure surface residual stresses on specimens from the mock-up 

weldments W27A, U27B, and W27C. As shown in Table 2-3, the two halves of each 

weldment received different preweld surface treatments. During the parting-out 

process, the thermomechanically induced welding stresses are almost completely 

relieved. Thus the surface stresses on the specimens are due solely to the sur

face treatment.
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POSITION (mm)

Fig. 2-8. Axial Variation of Hoop 
and Axial Stresses Across the 
Weld for the 10-in. Dresden 2 
Weldment. Neg. No. MSD-64064.
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Table 2-5

SUMMARY OF INNER-SURFACE BULK RESIDUAL STRESSES FOR THE
10-IN. DRESDEN 2 WELDMENT

ROSETTE POSITION

2 1 3 4 5

Average Axial -29 293 62 325 -16 MPa
Stress -4 41 9 45 -2 ksi

Average Hoop -57 54 220 62 -66 MPa
Stress -8 8 31 9 -9 ksi

Peak Axial 7 361 138 430 28 MPa
Stress 1 51 19 60 4 ksi

Peak Hoop 36 121 261 117 -55 MPa
Stress -5 17 37 16 -8 ksi

Axial Peak-to- 82 190 167 209 77 MPa
Peak Variation 11 26 23 29 11 ksi

Hoop Peak-to- 30 121 86 102 38 MPa
Peak Variation 4 17 12 14 5 ksi

(a) 0>)

Fig. 2-9. (a) Surface Residual-stress Measurements for Mock-up Weldment
W27A. (b) Total Surface Residual Stresses for Mock-up Weldment W27A.
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The results shown in Fig. 2-9 from the weldment identified as W27A are typical 

of the measurements obtained on all the weldments examined. As F1g. 2-9(a) 

shows, at axial locations far from the weld-fusion lines, the various preweld 

surface treatments induce very large residual stresses. At most of the measure

ment locations, these very large stresses are compressive; however, other studies 

have shown that these stresses can vary widely, with small regions exhibiting 

tensile stresses in the midst of relatively large regions exhibiting compressive 

stresses.

Near the weld fusion line, the high surface residual stresses induced by the pre

weld treatments seem to be modestly compressive. However, to obtain the actual 

surface stresses on a weldment, the stresses relieved during the parting-out 

process, which are presumably due to the welding process, must be added to the 

stresses due to the surface treatment. The total stresses on the inner surfaces, 

shown in Fig. 2-9(b), are highly tensile. These results suggest that, at least 

for regions <5 mm from the weld-fusion line, the effect of the preweld surface 

treatment is not particularly important. The treatments do induce high residual 

surface stresses, but these are largely relieved during welding. Even if the pre

weld surface treatment produces a compressive residual stress, the shrinkage and 

thermomechanical history associated with the welding process can produce high 

tensile residual stresses on the inner surface of the weldments, and attempts to 

obtain favorable residual-stress states must involve changes in the welding 

process itself, not just in the preweld surface treatment. In contrast, postweld 

mechanical treatments, such as grinding, are extremely detrimental and greatly 

increase susceptibility to ISCC.

Measurement of throughwall rt:idual stresses in 4-, 10-, and 26-in. weldments were 
also carried out.* The distribution of throughwall residual stress in the 4-in. 

weldments appears to differ significantly from that in the 26-in, weldment.

At some azimuthal positions, not only are there large tensile stresses on the

*The specimen from the 26-in. weldment used in the ANL study was cut from a 
quadrant of a 26-in. weldment supplied by GE as part of the work supported by 
EPRI. An <35° azimuthal portion of the circumference of the entire weldment was 
cut from the weldment and sent to ANL. X-ray and stress-relief measurements by 
GE indicated that only minor amounts of bulk stress relief occurred when the 
quadrant was cut from the complete weldment.
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inner surface of the 4-in. weldments, but also the throughwall residual stresses 

remain tensile through a large fraction (^50-75%) of the wall thickness. This 

is not the case for the 26-in. weldment. Figure 2-10 shows the throughwall 

distribution of the axial residual stress ^3 inn on either side of the weld fusion 

line. On the inner surface the stresses are tensile, but well below the peak 

levels observed in 4- and 10-in. weldments. However, the residual stresses become 

compressive at a depth >10% of the wall thickness.

Although only the throughwall stresses at one azimuthal position in one 26-in. 

weluient were actually measured, it should be noted that there is excellent 

agreement with the throughwall distribution predicted by the finite-element program 

developed at Battel!e-Columbus under EPRI support (15).

If a crack does initiate on the inner surface and propagate, the residual stresses 

will redistribute. The nominal redistribution of stress in a 26-in. weldment 

caused by a growi.ig crack has been calculated and is shown in Table 2.6. The 

results show that for crack lengths <10% of the wall thickness, very little re

distribution occurs. Thus, a crack that initiates on the inner surface would have 

its radial growth arrested by the compressive stress field after growing through 

only a restively small (<10%) portion of the wall thickness. However, it may 

then grov circumferentially. Also, in addition to the residual stresses con

sidered lere, the stresses caused by service loads must be considered before any 

final conclusions about the crack-arrest behavior of throughwall cracks in large- 
diameter piping can be drawn.
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Table 2-6

REDISTRIBUTION OF STRESS AT GAUGE POSITION 1, MM FROM THE 
WELD FUSION LINE, CAUSED BY A GROWING CRACK

Crack Depth 
(run)

Nominal Stress (MPa) at

Crack Tip t/4 t/2 OD

0 (ID) 193 -221 -124 76

1 112 -218 -122 78

2 32 -216 -119 81

3 -47 -213 -116 83

STRESS (MPo)

STRESS (ksi)

( a )

Fig. 2-10. Throughwall Distribution 
Either Side of the Weld Center Line.

STRESS (MPa)

(b)

of Axial Residual Stress .̂6 mm on 
ANL Neg. No. 306-78-740.
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ADVANCED METHODOLOGY AND INSTRUMENTATION FOR X-RAY STRESS 
ANALYSIS INSIDE OF PIPING

Clayton 0. Ruud 

INTRODUCTION

The x-ray diffraction method is the only time-proven, truly non-destructive method 

for the measurement of residual stresses. Proof of its reliability lies in docu

mentation of its use by thousands of engineers and scientists over the past two 
M-51decades. ' These applications have spanned from stress analysis of uranium/ 

zirconium fuel rods to aluminum-alloy landing-gear components, and have included 

measurement of stresses in metal-powder-doped polymeric materials and tempering 

evaluation of carburized steels. The Society of Automotive Engineers considers 

the method of sufficient practical importance to have printed a Handbook Supplement 

on the subject three times.^

Even so, this non-destructive technology has been largely restricted to the labora

tory due to peculiarities in the state-of-the-art components involved and the design 

and construction of available equipment. Instrumentation for bringing this tech

nology into the manufacturing area has advanced rapidly in the last few years toward 

increasing the portability, compactness, and speed of operation of the equipment 

without serious reduction in its accuracy. Despite the marked improvements that 

have been made in this direction, there have been many demands for equipment that 

is still more portable, compact, and rapid than any of the presently available de

vices. Two metallurgists at the University of Denver realized this a few years ago 

and therefore set out to devise more suitable instrumentation. The result was the 

invention of a very compact, highly versatile position-sensitive x-ray detector.

■^Materials Research Laboratory, The Pennsylvania State University, 
University Park, PA 16802
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PRINCIPLE OF XRD STRESS MEASUREMENT

X-ray diffraction actually measures the interplanar spacing of sheets of atoms in 

solid, crystalline materials. The important parameters involved in the mechanics

of X-ray diffraction are described by the Bragg relation:
nX 3 2d sin 0 (1)

where

n * 1,2,------ i.e.j any integer, it is the order of reflection
X 3 wavelength of the diffracted radiation 
d 3 interplanar spacing 
6 3 Bragg angle

In all applications where the determination of d is required, either x or e is 

known. In stress analysis of polycrystalline materials X is made a constant and 

therefore is known, and 20 is measured. However, the diffracted beam is usually 

distributed over a few tenths degrees of 20. Therefore the angular distribution 

of the diffracted beam must be ascertained as a function of 2 0 and the intensity. 

In other words, the diffracted X-ray intensity must be measured at several angular 

positions in order to determine the mean diffraction angle 2e which is indicative 

of stress.

When a metal or ceramic polycrystalline material is placed under stress, the elastic 

strains in the material are manifest in the crystal lattice of the individual grains. 

The stress applied externally or residual within the material, when below its yield 

strength, is taken up by interatomic strain. The x-ray diffraction techniques 

through measuring the interatomic spacings determine the macro strain caused by the 

stress on the specimen. Stress values are obtained from these elastic strains in 

the crystals by knowing the elastic constants of the material and assuming that 

stress is proportional to strain, a reasonable assumption for homogeneous, nearly 

isotropic materials as are most metals and alloys of practical concern.

The basic equation relating x-ray diffraction principles to stress-strain relations 

can be written as

sin2* " r  + °2> <2>

where

v and E = elastic constants
a,,, = stress in the plane of the surface of the specimen at an angle of 

<j> with a principal stress direction in the specimen surface 
<I» = angle between the surface normal and the normal to the crystallo

graphic planes from which an x-ray peak is diffracted 
= strain in the direction defined by the angles <)> and ip 

0]_ and 02 3 principal stress in the surface plane of the specimen.
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This may be rewritten as

W / ** v —
°<j> “ sin2\|> (3)

where
= interatomic planar spacing for those crystal planes for which the 

normal is defined by the angles <J> and <|i 
di = Interatomic planar spacing for crystal plans parallel to the specimen 

surface.

It should be noted that only those planes within a selected d-space range will be 

measured due to the narrow selection of Bragg angle imposed by the stress measure

ment arrangement.

A modification of Equation 3 for a rapid and rather simple stress-measurement tech

nique will be discussed subsequently.
Now since the difference between and is small, then from Bragg's Law 

Ad/d = -cot <|> , and Equation 2 may be rewritten as

COMMERCIAL INSTRUMENTATION

X-ray peaks in the far back-reflection, i.e., peaks with 26 angles near 180°, are 

much preferred for stress analysis because they show the greatest change in diffrac

tion angle with a given amount of applied or residual stress. Equation 4 shows 

that the greater the ip angle (90 ^  ip >. 0), the greater the difference (2e^ - 29<j;) 

for a given stress. If the engineer is interested in applying a stress which is 

a given fraction of the yield strength, a high yield strength is an advantage, i.e., 

the higher the yield strength the greater value of 2e^ - 2Bip. Thus, heat-treated 

aluminum all: r demonstrate much larger x-ray shift when subjected to a stress that 

is a given percent of yield strength than does annealed austenitic stainless steel. 

Finally, the spatial resolution with which a shift in the x-ray peak can be measured 

is important not only because at a given distance from sample to detector (film) the 

accuracy in stress measurement depends upon this spatial resolution, but also be

cause higher resolution permits operation at smaller distances and consequently at 

higher speeds or with weaker diffracted beams.^

The state of the art offers three main methods for measuring intensity versus the 

angle 2e. These are:

(4)
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1. Scanning goniometer (diffractometer)

2. Film camera

3. Position-sensitive proportional counters

The scanning goniometer is by far the most commonly used of these. It is essen

tially a mechanical turntable capable of positioning a sample at a given 9 position 

with respect to an incident x-ray beam, and a detector (e.g., proportional or scin

tillation type) at an angle 2e with respect to the incident beam. In this way, the 

detector is in position to intercept the diffracted x-ray beam. There are several 

excellent descriptions of this device including Barrett,^ Cullity,^ and Klug 

and A l e x a n d e r . I n  research work, it is usually possible to work with a stressed 

specimen small enough to be mounted on the diffractometer, and this is necessary for 

standard laboratory instruments. However, a few x-ray instrument manufacturers have 

developed diffractometers which do not require that the sample be mounted upon the 

instrument. This has enabled stress (strain) measurement on large "real-world" 

parts of practical importance to industry. However, these devices, especially the 

measuring heads (which must be manipulated into position to make the stress measure

ment), are bulky and not easily portable. Therefore these devices are applicable 
in only a very limited number of industrial applications.

Film cameras for stress measurement have been marketed by at least’two manufacturers 

over the last two decades. The principle of application is to place film on each 

side of or surrounding the incident beam so as to intercept the diffracted x-ray 

cone, at a high 2e angle. The x-ray source and film holder comprise the stress

measuring head. These stress heads are about 1-1/2 times the size of a quart ther

mos bottle and about the same shape. Because of the good portability and compact

ness of the stress head, the film instruments have found application in a number of
f21 (31

manufacturing applications. Bolstad and Quist' ' and Norton' ' describe the method

ology and illustrate some applications. The disadvantages of the film technique 

include the exposure time of several minutes, the subsequent development time, the 

time required for reading the film, and the relatively low accuracy. Polaroid tech

niques have been attempted, but the time saved in film development has not been worth 

the loss in accuracy due to the poorer spatial resolution.

The third method, involving position-sensitive proportional detectors (PSPD), has 

been applied to x-ray stress analysis in Europe, Japan, and the U.S.A., and James 

and Cohen of Northwestern University are responsible for the first application in 

this c o u n t r y . T h e  PSPD's have permitted the construction of portable stress

-4-



heads smaller than goniometer types and yield good accuracy and high speed. The 

most severe limitation of this technique involves the size and shape of the x-ray 

detector that must be placed adjacent to the x-ray tube. Spatial resolution of 

available detectors is also a limitation and affects the minimum stress detectable 

from a stressed metal. Also, as discussed previously,^ the better the spatial 

resolution of a detector or minimum detectable x-ray peak shift, the closer the 

stress head can be brought to the stressed sample and, thus, the higher the observed 

x-ray intensity and the higher the operational speeds. This concern also bears upon 

the applicability of an x-ray device for stress measurement in confined spaces such 

as piping.

THE POSITION SENSITIVE SCINTILLATION DETECTOR

The portable rapid stress measuring instrument about to be described is designed 

for application of the single exposure technique (SET) of stress measurement. How

ever, it may be applied to the double exposure or sine-square-psi techniques as well 

as most other instruments.

The SET is the simplest mode of obtaining x-ray stress data because only one mani

pulation of the stress head with respect to the specimen is required for that single 

exposure. It is based on the fact that a single x-ray beam is diffracted in an 

entire cone of reflections. A plane perpendicular to the cone axis intercepts the 

cone in a circle when the specimen is unstressed, but if the specimen is stressed,

the circle becomes an ellipse and the deviation of its shape from a circle is indi-
(9)cative of the stress (strain) in the sample. 1 To read this deviation, detectors 

are placed 180° apart, as shown in Figure 1. The following equation mathematically 

describes the SET:

■ <TTT> 4» .  . l a ^ T l .  26 <S2 '  ^  <5)

where R0 is the detector-to-specimen distance, e the angle between the specimen 

surface normal and the incident x-ray beam, and (S  ̂ - S2) as shown in Figure 1. 

Until now, the SET has been largely restricted to film techniques since most dif

fractometers have only a single detector. The major advantages in the SET are 

speed and the fact that only a single adjustment of the stress-measuring head with 

respect to the specimen need be made. This avoids errors caused by rearrangement 

for subsequent readings. The major disadvantage is that the difference between 

the high- and low-angle $ is restricted to 180°-2e, where 0 is the Bragg angle for 

the unstressed planes selected for the analysis.
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Recognizing the potential applicability of the x-ray diffraction technique and the 
instrumental limitations to its use in industry, Dr. C. S. Barrett and the author 
set out to design more viable instrumentation for the XRD method. The goal was to 
develop a device with a stress head no larger than that of the film camera devices 
previously described, and with the capability of application of the SET. Also, the 
instrument should give stress readings in less than one minute with accuracies here
tofore impossible except under laboratory conditions. The si2e and shape of the 
film camera devices were selected as a configuration goal because it was recognized 
that these devices could be applied inside of pipe. The device would also have to 
be rugged enough to survive and operate under field and shop conditions. The stress 
head would have to be remote, on the end of at least a ten-foot cable, and weigh 
less than 10 lbs. Operation of the device should be relatively insensitive to its 
environment, including power-source fluctuation. The stress reading produced should 
be in the form of a hard copy and should read in stress units, e.g., psi, kg/mm or 
MPa. Finally, the components should be readily available and of domestic manufac
ture, especially those with finite lifetimes, e.g., the x-ray tube.

To accomplish this goal a position sensitive scintillation detector (PSSD) was con
ceived and developed. The detector's design was possible due to rather recent de
velopments in electro-optical devices. The principle of its operation is based upon 
the conversion of x-rays to light by a scintillation material coated upon the input 
faces of two fiber-optic bundles. The bundles are rectangular in cross section, 
about 3 mm by 13 mm. Each bundle is placed so that it intercepts the cone of dif
fracted rays on each side of the incident beam, i.e., at points 180° apart as in 
the film camera devices previously described. The coherent fiber optics then trans
mit the light from the scintillators to the detector electronics package where the 
light signal is amplified and converted into an electronic signal that gives the 
intensity and position of the diffracted x-ray beams. The package is a cube ap -ox- 
imately two inches on an edge which is hermetically sealed, and its sensitive com
ponents are mounted so that they are isolated from mechanical shock. A more de
tailed description is given by Steffen and Ruud.^
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Figure 1 Schematic Diagram of Single Exposure XKD Technique
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STRESS ANALYSIS OF AUSTENITIC STAINLESS STEEL 

Design

The face centered cubic structure of austenitic stainless steel coupled with its 
lattice parameter of approximately 3.60 Angstroms allows for high angle back reflec
tions, 2e angles, of chromium K-alpha x-rays at 128° and chromium K-beta at 147°. 
Examination of equation (5) shows that the use of K-beta allows for a 14 percent 
higher sensitivity of the x-ray peak shift. Furthermore, the closer proximity of 
the detector surfaces (film in Figure 1) at the higher 2e angles allows for a more 
compact stress head, which is a necessity for applications inside of smaller dia
meter pipe. Selection of a chromium target x-ray tube was necessary due to the 
ruggedness and availability of such tubes compared with iron or cobalt targets. 
Copper target tubes were not considered due to the very high x-ray background 
caused by x-ray fluorescence of the iron in the stainless steel.

Thus with the wavelength of the analytical x-rays selected, X in Equation 1, the 
mechanical configuration of the head could be designed for application to austenitic 
stainless steel. Figure 2 shows the configuration and attitude of the stress anal
yzer inside of 10 inch diameter BWR piping for hoop and axial stress measurement.

Positioning

Equation 6 contains the parameter R which is the distance from the x-ray detector 
to the specimen. This is variable from one stress measurement to another. It can 
be measured simply by placing a stress-free steel powder specimen on the area of 
stress measurement after the stress data have been obtained. This is done before
the stress head is moved to the next position in the pipe at which stresses are to
be measured. The R0 parameter then can be calculated for the stress-free powder by

Si + S2
2 Sin 2n

where 2n » 180°-26, where 29 is the Bragg angle of the stress-free powder.

The parameter e is pre-set as the angle between the normal to the pipe inside wall 
and the incident x-ray beam. The validity of this angular setting can be confirmed 
when a traverse is made simply by plotting the calculated R0 versus the traverse 
distances. If the plot has a zero slope the 8 is constant and as set, if it varies 
from zero the angular variance can be calculated and the data corrected for the new 
8. As a matter of practicality, however, the slope of plot of the R0 versus tra
versed distance is always other than zero but usually the correction is so small as
to be negligible.
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RESULTS

Calibration

Figure 3 shows a plot x-ray peak shift versus electrical resistance strain gauge 
measurements using the four point bend stress jig previously mentioned.These 
data show the least scatter of any published data on austenitic stainless to date. 
This would imply that much higher accuracies are likely using the Denver PSSD x-ray 
stress device than with standard instrumentation and techniques.

Figure 2. Positioning of X-ray and Sensing Head for Hoop Stress 
Reading (a) and Axial Stress Reading (b).
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Standardization

Unfortunately, standards of known residual stress value suitable for the XRD method 
are not available. Austenitic stainless steel powders of known lattice parameters 
are available, however, and these were used both in flat and curved configuration 
for zero stress standardization. Also a well characterized segment of 304 S.S. 
schedule 80 pipe weldment was found in the possession of R. Chrenko at G.E. CR&D 
that was made available for confirmation of the Denver stress measuring instrument. 
G.E. reported that the range of readings obtained by them in traversing from .05 to 
.15 inch from the weld fusion line were 20 to 30 KSI. The readings obtained in two 
separate traverses with the Denver PSSD x-ray stress device are shown in Table 1.

Table 1

Residual Stress Readings from G.E. 4-Inch Schedule 80 Pipe Segment

Distance From Weld Fusion Line (inches)

.05 .10 .15

Traverse 1 29.8 32.4 24.8

Traverse 2 21.5 25.1 24.3

Traverse 3 — — 22.3

This provided some confidence in the accuracy of the stress values obtained by 
application of this unique stress measuring device. However, more stress measure
ments on specimens exchanged between laboratories and measured by other techniques 
(SRT and XRD) must be performed so that the validity of measurements with the newer 
XRD technique can be unquestionably established.

Pipe Data

Stresses adjacent to the weld on 304 S.S. 10 inch schedule 80 girth welded pipe 
specimen were measured in situ using the Denver stress analyzer. The weldment 
specimen was 24 inches long, along the pipe axis, and was welded using practices 
similar to those applied in power plant fabrication. No cooling of the inside 
surface was performed. The residual stresses measured are shown in Table II.
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Table II

Axial Residual Stresses on the I.D. Surface of a 
10-Inch Solid 80 Weldment by XRD

Distance from the Weld Fusion Line (Inches)

Azimuth .05 .10 .20 .30 .50

0° 14 ksi 17 14 10 -18
9C° 35 41 38 46 13
180° 24 37 43 2 -14
270° 14 34 33 42 -

Stresses adjacent to the weld on a 304 S.,S. 10 inch Schedule 80 girth welded

specimen were measured in situ using the same stress analyzer. The welding \

performed using spray water cooling on the I.D. during all weld passes after the 
fusion pass. Table III lists the data for the axial and hoop stress directions.

TABLE i n

Axial and Hoop Residual Stresses at 0.20 Inches (5mm) from 
the Weld Fusion Line, Spray Water Cooled Pipe Weld

Azimuth Hoop _______ Axial________

90° - 61 - 35 (1mm from weld)

180° - 75 - 78

Stresses were also measured on two autopsy 45° elbows from Vermont Yankee Power 
Plant. However, the surface stresses measured on the intact specimens of these 
8-inch schedule 100 pipes were more indicative of post-weld grinding than weld 
induced stresses. The stress ranges measured are shown in Table IV compared with 
stress measurements on ground surfaces by other XRD techniques.

Techniques Apparatus

SET Denver PSSD 45-70 KSI

DET G.E. Diffractometer 30-52 KSI

Sin2iJ; Rigaku Strainflex 46-80 KSI

The SET performed with the Denver Stress Analyzer compares well with the sin^ 
performed with the "Strainflex." However, the DET performed with a standard dif
fractometer is not consistent with the others. The reason for the inconsistency 
is that this sample was welded after the surface grinding thereby annealing away 
some of the high stresses.
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CONCLUSION

An advanced type of position sensitive x-ray detector has been conceived and 
developed that is ideally suited for application to x-ray stress analysis. It has 
been applied to stress measurements inside 8 and 10 inch diameter BUR piping with
out the necessity of sectioning the pipe to allow access to the stress measuring 
device, i . e it is non-destructive.
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WELD SENSITIZATION

Harvey D. Solomon*

INTRODUCTION

Stainless steels can be made sensitive to grain boundary attack in certain media. 

This sensitization results from the grain boundary chromium depletion that is 

caused by grain boundary precipitation of chromium carbides. Sensitization can 

be produced by isothermally heating and holding a stainless steel in the tempera

ture range in which carbide precipitation is both thermodynamically and kinetically 

possible (i.e., 450 - 850°C for an austenitic stainless steel). It can also 

be produced by cooling through this sensitization range. It is this latter sort 

of thermal cycle that a weld heat affected zone (HAZ) experiences. This paper 

summarizes the results of recent studies of the variables which influence weld 

sensitization. Also summarized are recent calculations of the cooling rate ex

perienced in the weld HAZ as a function of heat input and plate thickness. Cor

relations are also made between the material variables influencing sensitization 

and the welding variables.

Two sorts of variables are considered - HAZ variables and alloy variables. The 

former includes the influence of the peak temperature reached in the HAZ during 

each weld pass, the cooling rate, the strain developed in the HAZ during cooling 

and the sequence of the thermomec'-’anical cycles experienced by the HAZ. The 

latter variables include such factors as the influence of any prior annealing 

treatment, prior cold working and the composition of the alloy.

A goal of this program is to use the knowledge of the. HAZ and alloy variables 

to define welding practices that will not result in sensitization. The study 

of the HAZ variables shows what thermal and thermomechanical factors control

♦General Electric Corporate Research & Development Center 
Schenectady, New York 12301

1



the degree of sensitization. The study of the alloy variables shows, for a 

given alloy, the conditions for which no sensitization develops. Finally, cool

ing rate calculations are used to link the welding operation with the HAZ thermal 

conditions and this coupled with the knowledge of cooling rates required to pre

vent sensitization,enable welding rules to be established. The total integra

tion of all of these parts has not been completed,so this paper will only present 

preliminary design rules. In particular more data are needed on additional alloy 

variables and the influence of multiple alloy variables.

EXPERIMENTAL PROCEDURES

Two kinds of specimens have been considered. Specimens with an hourglass 1/8" 

dia. gage section were used in studies where simultaneously controlled thermal 

and mechanical cycling was desired. These specimens were machined from 1/2" 

dia. bars of 304 S.S. containing 0.05 wt% C. Induction heating was used in these 

experiments in conjunction with servo controlled straining,which was set on the 

basis of diametrical strain measurements (1). A dedicated computer was used 

to control the temperature (by varying the power input) and to subtract out the 

thermal strains, thus allowing controlled mechanical strains to be applied in 

any desired manner while independently control ing the temperature.

A more numerous set of experiments employed straight unmachined 1/8" dia. rods 

which were heated by the passage of a low voltage alternating current through 

the specimen (2). These specimens contained 0.08 wt% C. The temperature control 

was achieved with a chart driven signal generator or more recently with the aid 

of a microprocessor, both of which varied the power input with reference to a 

desired temperature cycle and thermocouple reference input. For the most part 

these experiments were run with free expansion and contraction of the specimen.

Some recent tests have also been run in a modified setup in which a microprocessor- 

controlled vise clamped the specimen when the peak temperature was reached,so 

that on cooling, the thermal strain was converted to a mechanical strain.

In all experiments, after a specimen had experienced a thermal or thermo-mechanical 

cycle, it was checked by one of a variety of testing procedures to determine 

its degree of sensitization. ASTM test A262 practice E (3) (the modified Strauss 

test) was the most extensively used. Among the other tests used were ASTM-A262A 

(the oxalic etch test) (3), the Electro Potentiokinetic Reactivation (EPR) test,

(A) and the slow strain rate test in high temperature water (5j. Most of the
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results presented here will be confined to those obtained with the A262E test; 

the results obtained with the other tests will be mentioned briefly. The compo

sitions of the 1/2" dia. and 1/8" dia. rods are compared in Table I. In addition 

to the differences in the carbon content and annealed grain sizes listed in Table I, 

there was also a variation in the as received condition. The 1/8" rods (.08 wt% C) 

showed considerable metallographic and mechanical evidence of being worked (it 

was estimated that the degree of deformation was equivalent to about 10% cold 

working). When these 1/8" dia. rods were annealed at 1100°r, they were recrystal

lized and the worked structure eliminated. Annealing also altered the grain size 

from ASTM 5.5 in the as received rods to ASTM 7 in rods annealed at 1100°C.

The 1/2" dia. rods were mill annealed at 1100°C and then air cooled. Subsequent 

reannealing at 1100°C followed by water quenching did not alter the grain size 

or mechanical properties.

Table I

COMPOSITION AND GRAIN SIZE OF THE ROOS USED IN THIS STUDY

Wt%
G.S.
ASTM

C Cr Ni Mn Si S P Fe #

1/8" Dia. Rods 0.077 18.2 8.43 1.12 0.40 0.025 0.025 Bal. 5.5 (As received) 
Heat #34220

7 (Annealed)

1/2" Dia. Rods 0.051 18.6 9.0 1.57 0.73 0.031 0.029 Bal. 7.8 (Both for 
Heat #35347 the mill an

nealed and 
reannealed 
specimens)

RESULTS AND DISCUSSION 

HAZ Variables

The HAZ of a weld experiences the sort of thermal history shown in Figure 1. 

These temperature-time profiles are idealized slightly to the extent that linear 

cooling at elevated temperatures was assumed. In real weld thermal profiles
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there is somewhat more of a decrease in cooling rate with decreasing temperatures 

than is shown in Figure 1 (6-8). The thermal profiles of Figure 1 were actually 

those used in the weld simulation studies to be described shortly. These profiles 

were patterned after those actually measured in a 26 in. Sch. 80 pipe weld (8). 

Over the range of 800 to 500°C cooling in a weld HAZ can be approximated as being 

linear and therefore a linear cooling rate was used in these studies of the sensi

tization produced by different cooling rates. First the influence of single 

heating and cooling cycles will be considered, then multiple cycles and actual 

weld simulations will be studied.

Figure 1. Idealized weld HAZ thermal cycles patterned after 
data taken 0.1" from the fussion line on the ID 
of a 26" Sch. 80 pipe.

Influence of Peak Temperature and Cooling Rate. There are three parts to any 

of the thermal cycles shown in Figure 1. First there is a heating phase, a peak 

temperature is reached, and finally there is the cooling phase. Experiments 

performed with heating rates in the range of 20 to 135°C/S have failed to show 

any influence of the heating rate in this range of variation (2), and therefore 

no further reference to the heating rate will be made. The cycle variables of 

interest are the peak temperature of a cycle and the subsequent cooling rate. 

Figures 2 and 3 show the results of quantified A262E tests on specimens cooled 

at a variety of rates from approximately 1000°C and 800°C. This data was ob

tained on annealed specimens of the 1/8" dia. rods containing 0.08 wt% C. Aff'- 

a 3 day exposure in the test solution (as described by the ASTM procedures 

practice E (3)), the specimens were removed and pulled to failure in air at room 

temperature. The depth of intergranular penetration (IGP) was then measured
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made on annealed specimens from the 1/8" dia.,
0.08 wt% C rods).

on the fracture surface. The ultimate tensile strength (max load/original area) 

is also a measure of the degree of attack. Because the attacked region cannot 

support as much of a load as unattacked material, the greater the intergranular 

penetration the lower is the measured value ofayyj. Both measures of attack 

are shown in Figures 2 and 3.
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Two critical cooling rates are defined in Figures 2 and 3. The zero sensitiza
tion rate (ZSR) is the cooling rate at and above which there is no sensitizati
on as measured by A262E. The total sensitization rate (TSR) defines the cooling 
rate at and below which there is 100% intergranular penetration and failure occurs 
with no yielding (1.e.,OyTj < the nominal yield stress of 30 Ksi). It is clear 
from Figures 2 and 3 that ZSR and TSR are a function of the peak temperature 
of the cycle, being higher (easier sensitization) for a maximum temperature of 
approximately 800°C.

Peak temperatures from 600 to 1100°C have been studied (2) and the ZSR and TSR 
values are shown as a function of peak temperature in Figure 4. Also compared 
in Figure 4 are computer predictions based on isothermal sensitization data (2). 
Figure 4 illustrates that the drop of ZSR and TSR at and above 1000°C is not 
expected from our previous view of sensitization. Heating to 1000°C or even to 
1100°C did not alter the structure of these rods, which were previously annealed 
for one hour at 1100°-. The origin of the difference between specimens cooled 
from 1000°C and 800°C is at present unknown. For both temperatures, the carbides 
are similar in size ahd spacing (2). The number of grain boundaries which contain 
carbides, however, change with peak temperature. Work is underway to look at 
Cr, C, and trace element segregation to see if any of these factors explains 
the origin of this effect.

Figure 4. TSR and ZSR vs T as experimentally determined 
and computer predicted measurements (made on 
annealed (1100 C) 1/8" dia., 0.08 wt% C rods).
The computer predictions are defined by the 
solid lines.
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The data of Figures 2, 3, and 4 were from one heat of annealed 304 5.S. using 
one sensitization detection technique. Similar studies on seven additional heats 
of 304 and 316 all show this same effect. This effect is also observed when 
A262A, EPR, and the slow extension rate test are used to evaluate the influence 
of cooling. This effect has also been observed by Ikawa et al (9) and Loria (10). 
Clearly the peak temperature of a thermal cycle plays a significant role in de
termining the sensitization behavior of a weld HAZ.

Multiple Cycling. In multipass welding, the HAZ experiences more than one thermal 
cycle and thus weld sensitization depends, in general, not on a single temperature
time cycle, but rather on the influence of multiple cycles. Multiple cycles 
bring a tremendous complication into the problem because the sequence is important 
as well as the peak temperature and cooling rate associated with each cycle.
This is illustrated in Figure 5. This figure shows the post A262E IGP and 0 ^ ^  
results for specimens experiencing the thermal cycles shown in the inserts and 
described in the caption (these results were obtained on annealed 1/8“ rod speci
mens containing 0.08 wt% C). As can be seen, the sequence of thermal cycling 
plays an important role in establishing degree of sensitization. A thermal cycle 
with a peak temperature of 1000°C can eliminate prior sensitization even though 
time at tfm elevated temperature is short. It has also been shown (2) that 
multiple cycling with Tm = 1000°C is not additive; the sensitization is not enhanced 
by repetitions of a thermal cycle over that induced by the first cycle (2). When 
Tm = 800°C, the prior sensitization is not completely eliminated and thus multiple 
cycles are to some extent additive (although not 100%) (2).

If all the total time at temperature is merely added up with no regard to the 
sequence of the thermal cycles, then the degree of sensitization is overestimated 
because resolution effects are disregarded. While such an approach is generally 
quite inaccurate, it is conservative since the degree of sensitization is over
estimated. If an accurate measure of sensitization is required, it is necessary 
to simulate the actual thermal cycles in the proper sequence or to describe the 
sensitization of actual welds.

Influence of Strain During Cooling. The constraint of the cold surrounding base 
metal causes the weld and HAZ to be strained during the thermal cycle associated 
v/ith each weld pass. Tests utilizing the application of a tensile or compressive 
strain during heating and/or cooling were therefore performed to quantitatively
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Figure 5. Integranular penetration rate (IGP) and cry-p̂ 
after multiple cycling:
A - Single cycle, Tm = 800°C, C = 0.1°C/s.
B - Two cycles, first cycle the fame as A, then T = 1000°C,

C = 1.0°C/s.  ̂ m
C - Single cycle, Tm = 1000°C, C = 0.1°C/s.
D - Two cycles, first cycle the same as C, then T = 800°C,

C = 1.0°C/s. m
(measurements made on annealed specimens from the 1/8 in. dia.,
0.08 wt% C rods).

determine the influence of strain on the sensitization (1_). (These tests were 
performed of specimens machined from the 1/2” dia. bars containing 0.05 wt%C.)
The results of these experiments are summarized in Figures 6 and 7. (This data 
was taken on specimens in the as received, air cooled condition). Figures 6 
and 7 again show that sensitization is easier (occurs at higher cooling rates) 
when the cooling is from 800°C vs 1000°C. These figures also show that straining 
during cooling enhances sensitization (allows it to occur at higher cooling rates). 
For this alloy, the critical cooling rate was increased by a factor of five.
The strains listed in these figures were strains applied over the temperature 
range of interest with the strain rate adjusted to cause the strain per degree 
centigrade to be constant for a given set of tests (i.e., for all the experiments 
where 5% strain was applied during cooling from 1000°C, the strain per degree 
centigrade was 5 x 10 % per degree). It is apparent from Figures 6 and 7 that, 
at least for the alloy tested,strains on the order of 3-5% or more are required 
to enhance sensitization, and that this strain can be either tensile or compressive
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with much the same influence. If multiple rather than single cycles are ,
. dPpiied,

then strains as small as 0.8% per cycle can influence the sensitization.
is shown in Figure 8 where the results of multiple cycling with and without s t r a i n 

ing are compared.
T -------- 1— ■ ■ i . t j ----------1— r - r - , ---------- r ---------- 1— ■ ■ p r r , n

TYPE 304 SS (HEAT 35374)
AIR COOLED (AS RECEIVED)
ALL SPECIMENS COOLED FROM 800'C

TENSILE € DURING COOLING

COOLING RATE CC/SEC)
Figure 6. Intergranu’ar penetration (IGP) vs cooling rate 
for 304 S.S. specimens (from the 1/2 inch dia. bars, heat 
#35374), cooled from 800 C with and without the simultaneous 
application of strain.
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Figure 8. Intergranular penetration (IGP) vs the 
number of thermal and thermomechanical cycles. All 
tests run on as received specimens from heat #35374.

As expected, multiple cycles of heating to 1000°C and then cooling at 1°C/S did 

not cause sensitization. This was true whether or not strain was applied during 

cooling. This is not surprising when one considers the specimens cooled without 

strain. Ten cycles at 1°C/S cause the same total time at temperature as one 

cycle at 0.1°C/S and as Figure 7 shows such a cycle will not cause sensitization. 

In the study of the 1/8 in. dia. rods, however, as many as 205 strain free cycles 

to 1000°C were applied with no sensitization, even when the equivalent single 

cycle caused extensive sensitization. As has already been noted, reheating to 

1000°C caused resolution of any previously formed carbides or precarbide C and 

Cr segregation. The results of Figure 8 show that a similar thing happens when 

strain is applied during multiple cycling from 1000°C. Ten cycles with 1% strain 

per cycle means a total applied strain of 10%. Figure 7 shows that a single 

cycle from 1000°C employing 10% strain at a cooling rate of 0.1°C/S (which gives 

the same time at temperature as 10 cycles at 1°C/S) causes some sensitization.

That no sensitization was observed in the multiple cycling tests is evidence 

of the fact that heating to 1000°C causes a recovery of the deformation produced 

by preceeaing cycles,as well as a resolution of carbides or C and Cr segregation.

In contrast to cycling from 10CC°C, the effects of cycling to 800°C are largely 

additive. The effect of strain appears to be completely additive with the cumula

tive effect of multiple cycles producing much the same effect as the same strain
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imposed in a single cycle. In the experiments employing multiple cycling without 

a superimposed strain, the multiple cycling influence is less than 100% additive. 

This multiple cycling data (both with and without the application of strain) 

and that discussed in Reference 2 show that it is a conservative approach to 

simply add up the thermal and thermomechanical effects of all cooling cycles 

from 800°C, which will overestimate the degree of sensitization produced by 

multiple cycling. The resolution effects caused by cooling from 1000°C cause 

such a thermal or thermomechanical cycle to be non additive and to even eliminate 

the sensitization produced by prior cycles (2). At temperatures of less than 

800°C no carbide resolution takes place and the effects of such cycles should, 

like those from 800°C, be additive.

The resolution effect of heating to 1000°C and the degree to which cycles of 

cooling from lower temperatures are additive, makes the exact sequence of thermal 

and thermal mechanical cycling of great importance. This is illustrated in the 

next section when the simulation of actual weld HAZ cycles is considered.

Weld HAZ Simulation. The HAZ of a weld experiences a series of thermomechanical 

cycles which were simulated on specimens taken from the annealed 1/8“ dia. rods 

containing 0,08 wt% C. The microprocessor controlled temperature controller 

working in conjunction with AC heating of the specimen caused the specimen to 

experience the thermal cycle shown in Figure 1. A pneumatic vise also controlled 

by the microprocessor could be made to lock the specimen in a fixed position 

at any point in the thermal cycle. Tests were run either with the specimen free 

to expand and contract, or in other tests with the vise locking the specimen 

at the peak temperature thus causing the thermal strain to be converted into 

plastic strain as the specimen cooled. In this latter type of test, the specimen 

was unlocked after it cooled and then allowed to heat unconstrained during the 

next thermal cycle. At the peak temperature, the specimen was again locked and 

more strain was imposed upon the specimen as it again cooled. This thermomechan

ical cycle is not exactly like that which exists in a HAZ since the specimen 

is heated without constraint (this is necessary to avoid buckling). While not 

exactly duplicating the thermomechanical straining in the HAZ, this technique 

does provide a simple way of putting some constraint on a simulation specimen.

The weld HAZ thermal history being simulated was established in the welding of 

a 26 in. dia. pipe (8). The first (root) pass produces less of a peak temperature 

than the second pass because less heat input was used so as not to burn out the 

Grinnel insert. The first, second, and third passes were made by GTAW with bare
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filler wire. Subsequent passes were done by SMAW with coated electrodes. The 

third and subsequent passes produced successively lower peak temperatures at 

the ID (.1 in. from the fusion line) where the temperature was monitored. This 

is because as the weld is built up, the weld puddle gets further away from the 

point of temperature measurement. Test specimens were subjected to a simulated 

version of this history. These cycles are shown in Figure 1.

The results of experiments utilizing weld simulation with and without constraint

are shown in Table II. Both the fraction of grain boundary length attacked in

an A262 practice A (3) oxalic acid etch test (as measured by counting attacked

and unattacked grain boundary intersections with counting grid lines) and the

intergranular penetration due to a three day exposure to an A262 practice E (3)

Strauss test are shown. These results are in general agreement with the results

of the previous figures. The influence of the peak temperature is clearly shown

as is the effect of straining during cooling. These effects are illustrated

only by the A262A tests and not the A262E tests. This result is,however, pot
surprising if one considers Figure 7. The constraint only causes about a 2%

-5strain on cooling (aAT = 2 x 10 x 925 = 1.85%) which is not enough to clearly 

enhance A262E measured sensitization. This is not to say that constraint does 

not increase the degree of carbide precipitation, the A262A test results clearly 

show that constraint does increase carbide precipitation. The A262E test is 

unfortunately not sensitive enough to clearly pick up this increase in carbide 

precipitation. The 0.0005" (0.0127 mm) depth of intergranular penetration observed 

on some specimens is just on the edge of, if not below, the limit of detectability. 

Walker (U) has found,from round robin testing, that greater than a 40 urn (0.0016 in) 

depth of attack was required before 95% of the evaluators classified the specimen 

as failed.

The fact that sensitization was recorded by the A262A test, for conditions which 

cause no A262E attack is in keeping with the generally reported greater sensitivity 

of the A262A test (7_). Long isothermal hold times at low temperatures will enhance 

sensitization (12,13) and, as is shown in the last column, this results in A262E 

attack.

Alloy Variables

The preceding was concerned with the influence of the thermomechanical history 

of a HAZ on sensitization. Unfortunately, the problem of weld sensitization 

is noi completely understood merely with this information. There is considerable
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Table II

SENSITIZATION AFTER WELD SIMULATION CYCLES. RESULTS OF A262A and A262E TESTS 
(The cycle numbers refer to the cycles shown in Figure 1.
The numbers denote which cycles were experienced).

With Constraint All 7

Cycle 1 1,2 1,2,3 1,2,3,4 1,2,3,4,5 All 7 at 500°C

% of Attack 
in A262A

62 0 79 66 68 68 67

A262E 
IGP (in.)

0 0 0.0005 0.0005 0 0.001 .054

Cycle 1 1,2

Without Constraint 

1,2,3 1,2,3,4 1,2,3,4,5 All 7

All 7 
+ 24 Hr. 
at 500 C

% of Attack 
in A262A

33 0 29 - - 23 43

A262E 
IGP (in.)

0 0 0 0 0 0 0

heat to heat variation in the response to a weld thermal cycle. Some of the 

origins of this variation are discussed in this section.

Influence of Composition. It has long been known that sensitization can be con

trolled by varying the alloy chemistry. This is accomplished by removing the 

carbon and/or adding other elements such as Mo, Nb or Ti. Figure 9 shows that 

removing C reduces sensitization. In this figure, the cooling rate required 

to just start sensitization (ZSR) when one cools from 800°C is displayed as a 
function of the carbon content for 304 and 316 SS. This is preliminary data 

but it clearly shows the benefit of 304L and 316L (which contain a maximum of 

0.03 wt% C) as compared to alloys containing more than 0.03 vit% C. This figure 

also shows that for 0.05 wt% carbon content, 316 S.S. is superior to 304 S.S.

(at least as far as the A262E test is concerned). This result is not surprising 

and is in agreement with many previous studies.

Influence of Prior Thermal and Mechanical Treatments. The condition of the steel 

prior to welding can influence the severity of the weld sensitization. This 

is illustrated in Figures 10 and 11. Figure 10 shows results obtained on the 

0.08 wt% C 1/8" dia. rod specimens that have seen different treatments prior 

to sensitizing. There is clear metallographic evidence that the as received
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Figure 9. Influence of Wt% C on the critical 
cooling cate for the start of sensitization 
from 800°C, as revealed by A262E.

specimens were worked, but the exact thermomechanical history is unknown (14). 

Whatever the ex'act history, reheating to 1000°C eliminates its influence. Heat

ing to less than 1000°C does not. At these lower temperatures the zero sensi

tization cooling rate (ZSR) and total sensitization cooling rates are higher 

for the as received specimens than for the annealed ones (1100°C - 1 Hr. water 

quenched). Tests run on annealed specimens which were prestrained 10% in ten

sion prior to the thermal cycling have shown that most of the difference between 

the as received and annealed specimens is due to the prior working (14). As 

expected, heating to 1000°C removes the influence of the prior working in both 

the 1/8 in. dia. and 1/2 in. dia. rods.

Prior deformation is not the only pretreatment which can influence subsequent 

sensitization. Fiyure ii shows the difference between the sensitization of speci

mens of the 1/2" dia. rods (.05 wt% C) which were air cooled after an 1100°C
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Figure 10. 
function of 
0.08 wt C).

Influence of prior working on ZSR and TSR as a 
T . (Measurements made on the 1/8" dia. rods,
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Figure 11. Influence of air cooling vs water quenching on 
subsequent sensitization by cooling from 800°C at different 
rates. The sensitization was measured by A262E (measurements 
made on specimens from the 1/2" dia., 0.05 wt% C rods). Some 
specimens were strained 53! during cooling.

anneal or reannealed at 1100°C followed by water quenching. The results show 

that the air cooled specimens are more easily sensitized from 8C0°C than the 

water quenched specimens. Straining 5% during cooling enhances the sensitiza

tion of both sets of specimens. Figure 11 shows that the influence of air cool

ing after annealing on the subsequent sensitization produced by cooling from 

800°C is about the same as that produced by straining during cooling. Figure 11 

also shows the way in which several factors may combine to cause sensitization.

15



A water quenched specimen cooled from 800°C at 0.8°C/S is not sensitized. An 

air cooled specimen which is strained during cooling will be sensitized at 2.0°C/S. 

Similar experiments to those shown in Figure 11 were also performed on specimens 

cooled from 1000°C. In agreement with the behavior illustrated in Figure 10, 

there was no difference in the sensitization behavior of air cooled and water 

cooled specimens when they were subsequently sensitized by cooling from 1000°C.

Design Rules for Alloy Variables. Figure 9 is a starting point on the road to 

establishing alloy based design limits to prevent sensitization. It clearly 

shows that, as expected, the carbon content is a primary variable that determines 

the degree of sensitization. This is especially true for heats with 0.03 to

0.05 wt% C where more than a two order of magnitude increase in the cooling rate 

required for sensitization is noted. Figure 9 was drawn for annealed specimens.

The data of Figures 6, 7, 8, 10 and show how strain during cooling, prior 

strain and variations in the prior annealing conditions can alter the critical 

cooling rate. These results are combined with those of Figure 9 to produce the 

schematic curves shown in Figure 12. These curves are at present only schematic 

because it has yet to be established that there are no significant interrelations 

between the C content and the effect of prestrain strain during cooling or anneal

ing conditions. Figure 12 has been drawn with the assumption that the data ob

tained on one heat of stainless steel is applicable to all heats. The individual 

curves are just translations of Figure 9 where the displacement was determined 

from Figures 6, 7, 8, 10 and 11. The two middle curves represent the most probable 

behavior. The top curve superimposes the slow cool after an anneal, prest'-ain 

and strain while cooling effects, and probably overestimates real behavior.

Figure 12 is based upon A262E data and similar curves could be drawn for A262A 

tests or other tests for sensitization. A final set of curves similar to those 

of Figure 12 can be used as design curves. A conservative curve such as the 

uppermost one in Figure 12 could be used to select an alloy, whose critical cooling 

rate is so low, compared to the actual cooling rate, that no sensitization will 

result even in multipass welds. More realistic curves (such as the two middle 

ones of Figure 12) could be used to determine if a previously made weld was sub

jected to a sensitizing heat treatment. Figure 12 illustrates how the material 

aspects of weld sensitization can be handled. The next section describes how 

the welding aspects of the problem should be approached.

welding Aspects of Held Sensitization

The determination of the cooling rate as a function of the welding heat input 

and weld geometry is a classic welding problem. The basic method of solution
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Figure 12. Schematic representation of the critical cooling 
rate required for sensitization vs carbon content for 
several conditions. These curves are merely illustrative and 
should not be used as design curves.

was established by Rosenthal (15.,16) almost forty years ago. Recent advances 

in computer technology have greatly simplified this problem. Finite element 

(17,18) and simple closed form techniques (1JJ have been used. Figure 13 

shows the average cooling rate (from 775°C to 575°C) at the point in the HAZ 

where the maximum temperature is 800°C, as a function of the plate thickness 
(for a rectangular plate) and heat input.

Figure 14 shows the cooling rate for a thick plate as a function of the inverse 

of the heat input. (Each data point represents the output of a single computer 

run.) The calculated cooling rate is similar to that predicted by Adams (20) 
but deviates as the heat input is decreased. The deviation is,however, small 

considering the wide range of cooling rates that are possible. This deviation 

results from the fact that Adams calculated the cooling rate for the weld 

centerline, whereas the data of Figure 13 and 14 were calculated for the point 

in the HAZ where the peak temperature is 800°C. The value of 800°C was chosen 

because, as the previou' data show, the cooling rate necessary for sensitization
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Figure 13. Average calculated cooling rate (from 
775°C to 575°C) as a function of plate thickness.

are the highest for peak temperatures of 800 - 900°C. Eight hundred rather 

than 900°C was used because the computed cooling rate is about 20% lower with 

the lower peak temperature and it is thus conservative to use the lower cooling 

rate. For further conservatism, when constructing the refined version of 
Figure 12, the highest critical cooling rate should be used for a given condition 

even if this is experienced at 900°C rather than 800°C.

Figures 12, 13, and 14 represent the basis of a welding design system that allows 

type 304 S.S. to be welded without sensitization. For a given plate thickness 

and heat input, Figures 13 and 14 enable one to determine the cooling rate that 

will be established. Figure 12 could then be used to set the carbon level that 

would avoid sensitization (as determined by a given test and for a given level
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of conservatism i.e., which of several possible design curves would be used). 

Alternatively for a given carbon content steel and plate thickness an allowable 

heat input could be specified.

I/(QIV) IO’ 6 (J/in.)'1
Figyre 14. Average calculated cooling rate (from 775°C to 
575 C) for thick plates (10.0 in.), as a function of heat 
input. The computer calculated results are compared to that 
obtained using Adams' equations, which is valid only for the 
weld center line (Y = 0).

This scheme will work specifically for single pass welds. Fortunately as the 

data from the Weld HAZ Simulation sections shows, sensitization is often pro

duced primarily by only a single cycle. The weld geometry represents another 

difficulty. This can be solved by recourse to the finite element approach (17,18) 

or by establishing an effective rectangular plate thickness (19).

Two important outputs come out of Figures 12, 13, and 14. Firstly for a 304 S.S. 

with 0.05 to 0.08 wt%C, the actual critical cooling rate required to cause sensi

tization is probably 5-10°C/S (see the middle curves of Figure 12). For an effec

tive plate thickness of 0.35 in. (8.7 mm) and heat input of 25,000J/in. (984.3J/mm), 

a typical value used in BWR pipe welding, Figure 13 predicts that the cooling 

rate is 20°C/S. It is thus not surprising that most pipes are not sensitized 

but that some pipes will be. In some welds, the heat input may actually be higher 

than 25,000 J/in. (984,3 0/mm). For instance, a heat input of 30,000 J/in.
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(1181.1 J/mm) yields a cooling rate of 10°C/S. Furthermore some heats may have 

critical cooling rates greater than 10°C/sec.

The second significant fact is that even when the most conservative design curve 

is used (the top curve of Figure 12), when the carbon content is reduced to less 

than G.Q3wt.% the critical cooling rate will be less than 0.5°C/S. For a 0.35 in. 

plate such a cooling rate can be exceeded by heat inputs as large as 100,000 J/in. 

(3937 J/rim). A realistic heat input of 25,000 J/in. (984.3 J/mm) yields a cool

ing rate which is 40 times larger than 0.5°C/S, and thus no sensitization should 

be (or is) noted.

This study points up the need for more data, to construct an accurate rather 

than schematic version of Figure 12. The influence of peak temperature, pre
strains, prior annealing variables and strain during cooling have been demonstrated 

for several heats. More work is needed to see to what extent the data generated 

on one heat is translatable to others and to what extent carbon content varia

tions cause variations in the influence of other variables. A more accurate 

version of Figure 12 will enable the creation of a reliable set of welding design 

rules that will eliminate the possibility of sensitization.
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ABSTRACT

Microstructural analyses have been performed on two welds in 304SS pipe, one 

in the as-welded condition and the other having seen two years of service at 

288°C in a boiling water reactor. Comparison of the microstructures in the 

two weld heat affected zones indicates that low temperature sensitization appears 

to have taken place. Additional carbide formation, chromium depletion in grain 

boundaries, and susceptibility to attack by oxalic acid are observed in a region 

beyond 4 mm from the weld fusion line on the service sample.

Keywords: Low Temperature Sensitization 
Chromium Depletion 
Carbide Precipitation
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MICROSTRUCTURAL INVESTIGATIONS OF 
LOW TEMPERATURE SENSITIZATION IN 304 STAINLESS STEEL

W. G. Morris and A. M. Ritter

INTRODUCTION

Low temperature sensitization (LTS) may occur in materials which have been exposed 

to time-temperature conditions sufficient for carbide nucleation (but insufficient 

for appreciable growth) and then later held at a low temperature for long times 

during which the carbides grow and the material becomes sensitized. In reactor 

piping, the possibility exists that a portion of the heat affected zone of the 

weld may appear unsensitized immediately after welding, but contains sufficient 

carbide nuclei which are able to grow at the reactor operating temperature (288°C). 

This may cause the material eventually to become sensitized or susceptible to 

intergranular stress corrosion cracking.

Previous work has been concerned with low temperature sensitization studies 

in 304SS wire (1_). No observation of in-service development of sensitization 

has yet been reported. The purpose of this paper is to compare the microstructure 

of the heat affected zone of an as-welded pipe with one which has seen service 

in a boiling water reactor.

MATERIAL AND PREPARATION

Samples of welds made at the same time on 4-1nch diameter 304SS pipe have been 

obtained, one in the as-welded condition and one having seen approximately two 

years of service in Quad Cities II BWR (2). Both welds were made on pipe iden

tified as Heat 2P1486 (0.07XC) and thus afford the opportunity for investigating 

the possibility of low temperature sensitization in a reactor environment and 

comparing it with an archive sample which has not seen service.

Samples were prepared by cutting sections from the weld regions, then lapping 

and electrochemically thinning 3mm diameter discs for transmisison electron 

microscopic examination. Specimens were taken from the weld fusion region and 

throughout the heat affected zone at Intervals of 1.5mm. Carbide size, morphology, 

and number per unit projected length of grain boundary were measured on micrographs 

taken at magnifications of 50,000 to 75,000X.

The number of carbides per unit length of grain boundary was converted to the 

number per unit area of grain boundary by assuming an average width of 2000A 

(slightly greater than the average TEM foil thickness).
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The second technique used to check for sensitization and chromium depletion 
at grain boundaries is scanning transmission electron microscopy (STEM), combined 

with energy dispersive x-ray analysis. Some of our previous work had been con

cerned with studying those factors which affect the accuracy of composition 

measurements(3). The goal is to locate grain boundaries meeting the following 

requirements:

1. Carbides precipitated in the boundaries, but with sufficient spacing 
between the carbides to permit the measurement of the composition 
(Cr) profile perpendicular to the boundary.

2. The boundary can be oriented such that it lies in the plane formed 
by the incident electron beam and a vector pointing from the sample 
toward the x-ray detector.

3. The drift of the boundary with respect to the beam is sufficiently 
small that only the desired region is sampled.

The third and last test was an oxalic acid etch (ASTM A262A) for chromium-rich 

precipitates in the grain boundaries. This was performed on polished sections 

of the weld and adjoining heat affected zone, up to a distance of 12.5mm from 

the weld fusion line.

RESULTS AND DISCUSSIONS

A total of 186 transmission electron micrographs containing grain boundaries 

were analyzed for carbide size, morphology, and density. The average carbide 

size as a function of distance from the weld fusion line is shown in Figure 1.

In all samples, the carbides appeared ellipsoidal with ratio to minor axes of 

less than 2. The most important feature with regard to carbide size is the 

difference in size observed at the distances of 4.5mm and 6mm from the weld 

fusion line. The reactor-aged weld showed 600A carbides while the archive weld 

showed no visible carbides; this point will be discussed again later with ref
erence to particular micrographs.

The information on average number of carbides per unit area of grain boundary 

was combined with the average size to give the percent of grain boundary area 

containing carbides, and these data are plotted in Figure 2. From data on carbide- 

size, and percent of grain boundary covered, one could conclude that the initial 

sensitized region in the heat affected zone was less than 4mm immediately after 

welding, but that this region enlarged to greater than 6mm during operation 

at 288°C for 2 year:. In the reactor aged sample, numerous small carbides were 

seen on some of the grain boundaries at a distance of 10.5mm, but it remains
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Figure 1. Average size of grain boundary carbides found in the heat 
affected zone of as-welded and reactor-aged 304 stainless steel pipe

PERCENT
COVERED

Figure 2. erage percent coverage of grain boundary area by carbides in 
the heat affected zone of as-welded and reactor-aged 304 stainless steel 
pipe. See Figure 1 for corresponding carbide sizes.
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uncertain whether these were grown during aging at 288°C or if they were present 

before and associated with a localized carbon concentration.

Representative microgrpahs of the grain boundaries in the two weld samples are 

shown in Figure 3. The location of the samples with respect to the weld is 

shown in the central schematic diagram. Again, note that 6mm a/ay from the 

weld fusion line, carbides are initially absent but appear after aging at 288°C 

for 2 years. In a search for possible carbide nuclei at the 6mm distance in 

the as-welded condition, additional high magnification transmission electron 

micrographs were taken. Figure 4 shows a grain boundary and interference fringes, 

but any carbides, if present, would be less than 100A in size. Figure 5 shows 

a less typical region of a boundary with some evidence of particles about 100A 

in size.

Figure 3. Transmission electron micrographs of grain boundaries showinq the 
size and distribution of carbides. Detectable carbides are absent at 6mm in 
the as-welded condition, but appear after 2 years of service at 288°C
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Figure 4. High magnification transmission electron micrograph 
of the as-welded sample, 6mm from the weld fusion line. Interference 
fringes at the grain boundary are seen, but no evidence of carbides.

Figure 5. A different grain boundary in the same region 
as Figure 4. In this case, a few fine particles (- 100A) 
are visible, possibly carbide nucleii.
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Chromium depletion was observed at grain boundaries in the reactor-aged sample 

4.5mm from the weld fusion boundary. The measurements were taken with a 200 kV 

scanning transmission electron microscope equipped with an x-ray energy dispersive 

detector. Ten repetitive measurements were taken in the bulk of grains (matrix) 

away from boundaries and particles, and this set was assumed to represent a stan

dard with a chromium concentration of 18% (see Table 1). The chromium concentra

tion nominally centered at the grain boundary was then determined from x-ray 

intensities measured on t.he boundary between carbides. Compositions were calcu

lated using an intensity ratio technique. Note item 3 in Table 1 which shows that 

the average chromium concentration has dropped from 18% to 16.3% in the reactor 

aged sample, 4.5mm from the weld fusion boundary.

Table 1

CHROMIUM CONCENTRATIONS AT GRAIN BOUNDARIES 

304SS Welds, Heat 2P1486

As Welded 288°C - 2 Years
(Archive Sample) (Reactor Sample)

1. Distance from Weld Fusion
Line 3mm 3mm 4.5mm

2. Matrix Cr, wt% 18.0 18.0 18.0
A. Std. Dev. wt% 0.35
B. Number of Measurements 10.0

3. Grain Boundary Cr, wt% 17.2 17.4 16.3
A. Std. Dev. wt% 0.71 0.67 1.2
B. Number of Measurements 34 19 36
C. Number of Different G.B. 4 2 3

4. Maximum G.B. Cr, wt% 18.8 18.6 18.7

5. Minimum G.B. Cr, wt% 16.1 16.5 14.0

From the size and number of carbides formed, the residual carbon content of the 

grains can be estimated as well as the thickness of the chromium depletion layer. 

The assumptions of relative magnitudes of diffusion coefficients, thermodynamic 

equilibria, etc. are the same as those previously used by Hanneman et al. (4).

The average grain size (Figure 6) is 130 microns and in the following calculations
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Figure 6. The appearance of a polished surface after etching with oxalic acid  
(ASTM A262A). At 5mm from the weld fusion line, chromium enrichment, i.e., 
carbides, is evident during reactor aging.

in the case of these specimens. Both the archive and reactor-aged pipe show 

strong evidence of attack at a distance of 2.5mm from the weld fusion line, 

while at 5mm, the archive sample shows little attack. This corroborates the 

information obtained from TEM (Figure 3) that carbides have appeared in the 

region about 5mm from the weld fusion line as a result of aging at 288°C for 

2 years. There is some evidence of slight attack at 12.5mm in the reactor-aged 

samples indicating that carbides are present. This is in agreement with the 

transmission electron microscope, which also revealed carbides.

CONCLUSIONS

Evidence for low temperature sensitization has been found in the heat affected 

zone of a 304SS pipe weld which has been in service 2 years in a boiling water 

reactor. Comparison with an archive pipe weld showed that, in the region 4 

to 6mm from the weld fusion line, the reactor-aged pipe:
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a mass balance, we deduce that the sensitized zone (i.e. where Cr is less than 12w%) 

is approximately 190 to 250 A on either side of the grain boundary. In other words 

the total width of the sensitized zone appears to be 380 to 500 A in this instance. 

Including electron beam spreading affects, the analyzed volume should be 500 A in 

diameter through the thickness of the foil. Thus even for perfect grain boundary 

alignments, the spot size is equal to or larger than the sensitized region thereby 

precluding accurate STEM measurements of this weld sensitized profile.

Additional resolution loss is encountered by any misalignment of the boundary with 

respect to the electron beam and detector in the instrument. Using a single-tilt 

holder with a graphite low-background insert, the sample surface is oriented to 

maximize the x-ray signal reaching the detector, leaving little freedom for tilting 

and rotating boundaries to optimize x-ray spatial resolution. Therefore, even 

though the beam appears to be centered on a boundary, significant contributions 

to the x-ray signal could be effectively coming from regions as far away as 600 A 

assuming a worst case tilt error. The net effect is to give average measurements 

which will be considerably higher in chromium concentration than the minimum grain 

boundary value.

The standard deviations of composition measurements at grain boundaries are larger 

than the corresponding measurements in the matrix (compare items 2A and 3A in Table 1 

There are three likely sources of this variability: 1) The random variations in 

x-ray counts, 2) different densities and sizes of carbides leading to different 

amounts of depletion on different boundaries, and 3) different tilt angles of the 

boundary with respect to the incident beam and the detector. For matrix measure

ments, the dominant source of statistical fluctuation is the random variation in 

integrated x-ray counts. The magnitude of this fluctuation can be calculated, and 

agrees well with experimental measurements. Grain boundary data are influenced 

by the other sources of fluctuation cited as well, resulting in the larger scatter 

which was observed.

The lowest chromium concentration measured (14%) is in the reactor-aged specimen 

4.5mm from the weld fusion boundary which may indicate an average grain boundary 

misalignment from normal of 10 to 20 degrees. The increased number of carbides 

in this 4.5mm region compared to the archive sample indicates that low temperature 
sensitization did indeed occur.
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A series of micrographs representing the susceptibility of various regions to attack 

by oxalic acid (A262A) is shown in Figure 6. This test results in grain boundary 

grooving, due to the presence of Cr-rich regions, MgjCg precipitates in the case 

of these specimens. Both the archive and reactor-aged pipe show strong evidence 

of attack at a distance of 2.5mn from the weld fusion line, while at 5mm, the 

archive sample shows little attack. This corroborates the information obtained 

from TEM (Figure 3) that carbides have appeared in the region about 5mm from the 

weld fusion line as a result of aging at 288°C for 2 years. There is some evidence 

of slight attack at 12.5mm in the reactor-aged samples indicating that carbides 

are present. This is in agreement with the transmission electron microscope, which 

also revealed carbides.

CONCLUSIONS

Evidence for low temperature sensitization has been found in the heat affected 

zone of a 304SS pipe weld which has been in service 2 years in a boiling water 

reactor. Comparison with an archive pipe weld showed that, in the region 4 to 6mm 

from the fusion line, the reactor-aged pipe:

1. Contained additional visible carbide particles at grain boundaries.

2. Was slightly depleted in Cr concentration at grain boundaries as mea
sured by STEM.

3. Was more susceptible to attack by oxalic acid (A262A) at the grain 
boundaries.
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PREDICTABILITY OF LOW TEMPERATURE SENSITIZATION 
IN STAINLESS STEELS

Robert L. Pullman*

INTRODUCTION

The term sensitization denotes development, as a result of thermal-exposure, of 

carbide precipitation and a resultant susceptibility to stress corrosion crack

ing. In stainless steels, a variety of metallurgical changes have been sug

gested (1-5) as mechanisms for sensitization, but it is generally accepted that 

sensitization occurs most commonly by chromium depletion adjacent to chromium- 

rich carbides precipitated at grain boundaries. This mechanism was suggested in 

1933 by Bain, Aborn and Rutherford (1) and was further developed quantitatively 

by Strawstrom and Hillert (6) and by Tedmon, Vermilyea and Rosolowski (7). The 

latter authors suggest that susceptibility to intergranular attack occurs when 

there is an essentially continuous zone in which the local chromium concentration 

is below about 12% (13 a/o) while Strawstrom and Hillert ascribed susceptibility 

to a sufficiently wide zone below the same concentration.

Tedmon, et al, observed that at higher temperatures (e.g., 700-800°C) M ^ C g  

carbides could be precipitated at grain boundaries without sensitizing the steel, 

but susceptibility to intergranular attack was developed by subsequent heating 

at lower temperatures (500-600SC). This behavior was explained by the tempera

ture dependence of the equilibrium concentrations in the reaction

Cr23C6 = 2 3 Cr + 6C • (1)

The chromium concentration (mol fraction) x*r at the matrix/carbide interface is 

that which satisfies the relationship.

*General Electric Corporate Research and Development Center, Schenectady, 
New York 12301
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1 (2)K
Cr23C6

a 23a6 
Cr C (YCrxCr>

22^6
C

where y and a denote activity coefficient and activity, respectively.* Tedraon,

et al, assumed negligible carbon depletion or activity gradient in view of the

high diffusivity of carbon. They calculated that, for the carbon concentrations

in their alloys, at the higher temperatures of carbide precipitation (smaller

values of L  ), x* is greater than the 13 a/o required for protection against
Cr.-C, Cr

intergranular attack, while at lower temperatures (larger values of L  r ) it is
Cr23C6

not.

Povich (8-10) observed that if nonsensitizing carbides are first precipitated at 

grain boundaries by such a high temperature exposure, sensitization can occur 

during subsequent exposure to temperatures below those that would sensitize in a 

single isothermal heat treatment. He termed this phenomenon "low-temperature 

sensitization" or LTS. Arrhenius-type plots of log time (for a particular degree 

of sensitization) vs reciprocal of absolute temperature were used to extrapolate 

the data, e.g., to predict the time required to sensitize at reactor service 

temperatures. An example is shown in Figure 1. The purpose of this work is to 

examine the theoretical justification for such predictions of the temperature 

dependence of low-temperature sensitization, particularly in the heat affected 

zone (HAZ) of welds.

Povich and Rao (9) found that carbides were precipitated on grain boundaries in 

the HAZ of a 304 stainless steel pipe weld, but the steel was not sensitized, as 

measured by the acid copper sulfate test (ASTM A262E). Subsequent exposure of 

10 or 94 days at 400°C did not increase the number of carbide particles, but they 

increased in size and in fractional coverage of the grain boundary area. The 

sample exposed to 94 days at 400°C was severely attacked by A262E in the HAZ, but 

not elsewhere. The attack was in the neighborhood of the maxima of carbide 

density, size and grain boundary area coverage. In constant extension rate tests 

(CERf) in air-saturated water at 288°C, both as-welded and welded + 400° samples

*Tedmon, et al, presented their arguments in terms of pure Cr9^C,. Qualitatively 
equivalent conclusions would follow from a more accurate description recognizing 
that the carbide ^2 3 - 6  incorporates metals other than chromium. A recent STEM 
X-ray study found fcr^ 7 7 ^ 0  ^ 0 ^ 0  03^',3C6 in 3 cyP^ca^ 304 stainless steel 
weld. (1 1 )



Figure 1. Temperature dependence of low- 
temperature sensitization. The number in
side each datum point is the percent strain 
at maximum load during a constant exten
sion rate test in air-saturated water at 
288”C. The straight line was drawn such 
that all points below it have 18% or less 
strain to the maximum stress. (Source:
M. J. Povich and P. Rao, General Electric 
Report No. 77CRD251.)

failed by IGSCC in the HAZ, but the ductility was reduced from 26%, as welded, to 

15-16% by subsequent 10 day or 32 day exposures at A00°C.

The observation that A262E attack was confined to the region of the HAZ in which 

carbides were precipitated on grain boundaries during welding is clear evidence 

that the metallurgical changes occurring during ITS are associated with the 

carbides. The experiments do not differentiate the relative importance of car

bide growth (and the associated enlargement and increase of continuity of the 

Cr-depleted region) vs Cr redistribution in response to the Lower value of x*
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at 400°C compared to the temperatures of Initial carbide precipitation. However, 
since the peak value of grain boundary coverage by carbides was already 60% in 
the as-welded condition, it would appear that in this most-susceptible region the 
rates of both processes are governed primarily by "bulk diffusion"* of chromium. 
Hence the expected temperature-dependence of the LTS process should relate to 
chat for bulk diffusion, modified to account for the temperature-dependence of 
the. thermodynamic driving force for the process. The validity of Arrhenius-plot 
extrapolation of LTS data to longer times at lower temperature depends on the 
nature of this thermodynamic influence, and on the possibility of changes in the 
reaction mechanism or rate-limiting steps at lower temperatures.

Thermodynamic Contribution to Temperature Dependence

The temperature-dependence of the thermodynamic driving force will appear in the 
form of reduced values of at lower temperatures, resulting in steeper con
centration gradients for a given width of chromium-depleted zone. Regardless of 
specific details of the reaction mechanism, this source of temperature dependence 
must decline in relative importance at lower temperatures, since x^f must remain 

and hence pertinent Ax^ quantities gradually approach fixed values. In prac

tice, compared to the exponential 1/ dependence of diffusion coefficients, the 
temperature dependence of x ^  will be important only when its value is very near
the critical value for IGSCC, i.e., in the temperature region for which xCr10.13. 
This behavior can be illustrated numerically using the specific formulation 
proposed by Strawstrom and Hillert (6) for growth of the chromium-depleted zone. 
The general characteristics of the temperature dependence would be insensitive 
to details of the model. If W is the half width of the region with xr <0.13 
after sensitization time t, and x ^  is the alloy's chromium content, Strawstrom 
and Hillert propose that

The relationship is shown in Figure 2 as an Arrhenius plot, calculated for 18-8

*The term"bulk diffusion" is used here to designate diffusion within grains, as 
distinguished from diffusion along grain boundaries. It may involve both lattj.ce 
diffusion and diffusion along dislocations.

i

(3)
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Figure 2. Calculated temperature- 0 
dependence of the time to develop a 3000A 
wide zone of chromium depletion to below
12%.

stainless steel using Strawstrom and Hillert’s estimates of the temperature-

dependence of x^, and with • .0012 exp (-40,700/RT)*. More detailed cal
culations by Messmer (13) which Include calculation of the chromium distribution 
near carbides in the as-welded condition, and which take account of the moving 
interface corresponding to growth of the carbides, give essentially identical 
results at the temperatures of his calculations (300°, 400® and 500®C). In com

parison to experimental scatter, sensitization kinetics following the form or 
Eq. 3 would appear linear on an Arrhenius plot at temperatures below about

*The expression used here for Incorporates the pre-exponential given by 
Smithells (12) but a smaller activation energy, selected by Messmer (13) to fit 
the observed extent of carbide precipitation in the. HAZ of welded 304 stainless 
steel. The selection of an appropriate expression for will be considered in 
greater detail later in the report. r
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600°C. The dashed-llne drawn on Figure 2 shows a straight-line extrapolation 
that might be drawn through data following Eq. 3 for sensitization times from

0.1 to 100 days. The linear extrapolation would underestimate the time for sensi

tization at 300°C, but only by ^20%. An apparent activation energy taken from 
the slope of this straight line is ''-37.4 kcal/mol, or 8% lower than the assumed

activation energy for .Lr

Bulk Diffusion Coefficient

Solomon (14) has documented experimentally the effects of deformation in accelera
ting sensitization, and has estimated that strains of ?2% may be developed as a 
result of constraints during welding. In this section we will estimate the effect 
of deformation on the relative contributions of lattice and dislocation "pipe" 
diffusion to Cr transport in austenitic stainless steels In the sensitizing 
temperature range.

Both lattice and grain boundary tracer diffusion coefficients (C* and D*) haveL o
been measured for Fe, Cr, and Ni in austenitic stainless steels with 16 to 20% Cr 
and 12 to 25% Ni (15-17). The results are summarized in Figure 3. It may be
seen that the values of D* are similar for all three elements, according to all

L IIthree investigations. The values of 6.D* are similar for all three elementso
according to two of the three investigations, but the third study obtained sub

stantially different results.

Transport of an element in a multicomponent (ternary or higher) system containing 
concentration gradients cannot in general be described using a single inter

diffusion coefficient D, since the element's flux is not determined by the 
gradient of its concentration alone. However, by analogy to the binary relation
ship (18)

(NjD* + N2D*) (1 +
dlny2

dlnN^

116 is the "effective thickness" of the grain boundary as a transport path. Only 
the product 5.D^ is measurable, or is significant for transport. Except for very 
pure metals, o will include the effects of any preferential attraction of the 
solute considered, or rejection due to greater attraction of other solute(s).

6



it is expected that D <v D*, provided that:
ainYj

1. all terms in (1 + are of the order of 1, and

2. all values of are similar.

Figure 3. Lattice (a) and grain boundary (b) diffusion coefficients for 
Cr, Fe, and Ni tracers in austenitic stainless steels. The symbols are not 
individual data points, but identify the investigation leading to the cor
responding line, and indicate the temperature range over which the data was 
taken. A ref. 15, ID ref. 16, 0 ref. 17

(N denotes mol fraction and y is activity coefficient.) Values of (1 + din y/SlnN) 
at 500°C were calculated for the composition of 304 stainless steel, using 
the formalisms and coefficients suggested by Kaufman and Nesor (19), Hasebe and 
Nishizawa (20), and Hillert and WaldenstrBm (21) to describe the thermodynamic 

properties of the Fe-Cr-Ni system. The results are shown in Table I, and all 
are of the order of 1. D* values are similar for all three elements, if the

7



Table I

ainYj

Formulation J i: Cr Fe Ni

Kaufmann & Cr .96 1.05 .76
Nessor Fe 1.50 .70 3.18

Ni .87 1.06 .50

Hasebe & Cr 1.24 .94 .93
Nishizawa Fe .44 1.06 1.79

Ni .97 1.04 .81

Hillert & Cr 1.33 1.00 .27
WaldenstrBm Fe 1.04 .75 2.77

Ni .70 1.08 1.07

results of Assassa and Gulraldenc (17) for D* are disregarded. Accordingly, 
omitting these results, expressions for D and S_ were calculated, using a least-U D
squares fit to the end-points of the lines plotted in Figure 3. This procedure 
gives added weight to experimental results covering the widest temperature range, 
particularly in estimating the activation energy Q. The resulting expressions 
are

Dl =■ 0.723 exp (-66,200/RT) (4)

5*2>_ a 2.6S x 10"' exp (-40,700/RT) (5)s

Hoffman and Turnbull (22,2.3) found that for grain boundary and pipe diffusion
both Dg and Dp for self-diffusion in silver follow Arrhenius-type relations, with

Q a Q . If A is the "effective area" of a dislocation "pipe" as a transport * B
path, the ratio (A*Dp)/(5*Dg) % 13 x 10 cm, or 4.7 X for data on silver samples 
of similar purity. (X is the closest-packed interatomic distance). Transferring 
this background of information on silver to austenitic stainless steels

8



(6)

(X % 2.S3 x 10“® cm), we estimate

A*I>p « 3.19 x 10'14 exp (-40,700/RT)

Hart (24) has shown that the apparent diffusion coefficient resulting from the 
combination of transport via lattice and dislocation "pipe" diffusion Is given 

by

3
■■u

+ g D (7)

where g Is the average fraction of the time that an atom spends on hlgh-dlffusivity 
sites around a dislocation core. Since the parameter A, like 5, incorporates Che 
effects of preferential solute occupation as well as the actual "pipe area", we 
may equate g * A*n, where n is the number of dislocation lines per unit area.

D °L + A-D (8)

Eq. 8 is plotted as the solid lines In Figure 4, using the numerical values of 
Eqs. 4 and 6, and various dislocation densities. The dashed line indicates 

the expression for selected by Messmer (13) to fit the observed extent of . 
carbide precipitation during welding, which also matches LTS observations on 
welded 304 SS pipes by Povlch (9.10) and Andresen (25). The agreement of 
Messmer's selected activation energy with that evaluated via the arguments con
cerning dislocation "pipe" diffusion (to three significant figures!) is clearly 

fortuitous.

7 8 2Dislocation densities in the range 10 to 10 /cm correspond to well-annealed 
12 2metals, 10 /cm represents extremely heavy deformation, and the estimated defor

mation of *22 resulting from the restraints encountered in welding (14) should
9 2introduce a dislocation density of vlO /cm (26)♦ Surface damage, as from 

grinding, could lead to much higher values. Rao (27) observed peak dislocation 
densities slightly over 10^/cm^ in the HAZ of welded 304 stainless steel pipe. 
Hence reasonable levels of dislocation density lead to absolute values of D, as 
well as its activation energy, that are in good agreement with observed carbide 

precipitation and LTS behavior.
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Figure 4. Solid lines, calculated 
bulk Interdlffusion constants for auste
nitic stainless steels, for Indicated 
dislocation densities. Dashed line, dif
fusion constant selected by Messmer (13) 
to fit carbide precipitation data.

Povich (9,10) and Andresen (25) have reported an apparent activation energy of 
^40 Kcal/mol for LTS in heat-affected zones of pipe welds for three heats of 304 
stainless steel, in excellent agreement with the predictions of Figure 4. However, 
in Povich's earliest report of LTS (8), measured on wire samples, he found an 
apparent activation energy of ^65 Kcal/mol, in better agreement with Q for lattice 
diffusion. Possible reasons are:

A,0
1. If the actual values of D and D are closer by one jjrder of magnitude 

chan estimated, tjie transition fPom high temperature (DT - dominated) to 
low temperature (D - dominated) transport would be shifted to lower 
temperatures, in tfie LTS regime for strain-free metal. Strained 
material would still display an activation energy of ^40 Kcal/mol.

2. Selective adsorption of impurities on dislocations might substantially 
reduce the value of A, as an ’’effective area" for diffusion of the 
major constituents along dislocations.
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The second mechanism above might appear in other heats, or in more highly strained 
material, at lower temperatures where selective adsorption becomes stronger.
Hence it is a possible mechanism by which actual sensitization rates at low 
temperatures might be slower than predicted by Arrhenlus-plot extrapolation of 
experimental data.

Alternate Reaction Mechanisms or Rate-Limiting Processes

The most familiar source of departure from linear Arrhenius temperature-dependence 
of a reaction rate is the transition from one mechanism to another, alternate, 
process by which the reaction can occur. If the rates of both processes are 
exponential in 1/T, the transition is always in the direction such that the lower 
activation-energy process dominates at lower temperatures, and linear extrapola
tion from high temperature data would underestimate the low-temperature reaction 
rate. The diffusion curves of Figure 4 are an example of this type of behavior.
As discussed in the preceding section, LTS in the experimental temperature range 
appears to occur by chromium depletion via diffusion along dislocations, Itself 
a low activation energy process. No plausible alternate process with still 
lower activation energy has been identified, hence no departure from linear 
Arrhenius extrapolation is expected from this source.

A second type of departure from linear Arrhenius temperature dependence may occur 
as a result of a transition from one to another rate-limiting step in a process 
that requires both steps in order to proceed. A pertinent example might be 
transition from diffusion-limited to interfacial mobility-limited growth of 
carbide particles. In this type of transition, the direction of change is always 
such that the higher activation energy step will become rate limiting at lower 
temperatures. Hence linear extrapolation from high temperature data would over
estimate the low temperature reaction rate. Unfortunately there is little basis 
for estimating the activation energy for motion of an austenite/carbide interface. 
In the absence of more specific information, we can only speculate thrt a lower- 
temperature transition to interface-limited (and hence slower) sensitization 
rates is unlikely but possible. No other potential rate-limiting process step 
has been identified.

SUMMARY

The metallurgical changes believed to be responsible for low temperature sensi

tization (LTS) of austenitic stainless steels have been reviewed, in order to
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assess the likely validity of extrapolating Arrhenius type plots of experimental 
information to predict long-time sensitization at lower temperatures. It is 
concluded that the temperature dependence of LTS observed in 304 stainless steel 
pipe welds is consistent with a chromium depletion model via dislocation - 
enhanced diffusion, and Arrhenius extrapolation provides the most probable 
estimate of sensitization times at lower temperatures. Two mechanisms were 
identified by which sensitization rates at lower temperatures might be slower 
than extrapolated:

1. reduction of dislocation "effective area" as a result of impurity 
adsorption at dislocations.

2. a shift from diffusion-limited to interface-limited kinetics.

REFERENCES

1. E. C. Bain, R. H. Abom and J. J. B. Rutherford. Trans. Am. Soc. Steel 
Treating, 21, 481 (1933).

2. R. Strickler and A. Vinckier. ASM Trans. Quart., 54̂ , 362 (1961).

3. K. T. Aust, J. S. Armijo, E. F. Koch and J. H. Westbrook. ASM Trans. Quart., 
61, 270 (1968).

4. p. j. Gellings and M. A. dejongh. Corr. Sci., 17, 413 (1967).

5. R. L. Cowan and C. S. Tedmon, Jr. Adv. in Corr. Sci. and Tech., 3_, 293
(1973).

6. C. Strawstrom and M. Hillert. J. Iron Steel Inst., 207, 77 (1969).

7. C. S. Tedmon, Jr., D. A. Vermilyea and J. H. Rosolowski. J. Electrochem.
Soc., 118, 192 (1971).

8. M. J. Povich. Corrosion, 34, 60 (1978).

9. M. J. Povich and P. Rao. General Electric Report No. 77CRD251.

10. M. J. Povich. EPRI Contract Report No. SRD 78-126, August, 1978.

11. R. E. Hanneman, P. Rao and J. C. Danko. Proc. Symposium on Environment
Sensitive Fracture of Engineering Materials. AIME, (1977) in press.

12. C. J. Smithells. "Metals Reference Book", 5th Ed., Butterworth & Co.,
(1976).

13. R. P. Messmer. Unpublished results.

14. H. D. Solomon. Proceedings of the 5th Bolton Landing Conference, Ed.
R. J. Christoffel et al. pp. 149-105. Pub. Gen. Elect. Tech. Mktg. Op’n. 
1978. Also cf paper in this conference.

15. A. F. Smith and G. B. Gibbs. Met. Sci. J. 2_, 47 (1968) and 3, 93 (1969).

12



16. R. A. Perkins. Met. Trans. 4_, 1665 (1973) and R. A. Perkins, R. A. Padgett, 
Jr. and N. K. Tunali. ibid p. 2535.

1 7. W. Assassa and ?. Guiraldenq. Met. Sci. 12, 123 (1978).

18. L. S. Darken. Tr. AIME 175, 184 (1948).

19. L. Kaufman and H. Nesor. Z. f. Metallk. 64, 249 (1973).

20. M. Hasebe and T. Nishizawa. "Applications of Phase Diagrams in Metallurgy 
and Ceramics", G. C. Carter, Ed., NBS Special Pub'n. 496, March 1978, Vol. 2, 
pp. 911-954.

21. M. Hillert and M. Waldenstrbm. Scand. J. Met. 211-218 (1977).

22. R. E. Hoffman and D. Turnbull. J.A.P. 27, 634 (1951).

23. D. Turnbull and R E. Hoffman. Acta Met. 1_, 419 (1954).

24. E. W. Hart. Acta Met. 5̂, 597 (1957).

25. P. L. Andresen. EPRI Contract Report Mo. SRD-79-084, June, 1979.

26. A. S. Keh. in "Direct Observation of Imperfections in Crystals", J. B. 
Newkirk and J. H. Wemick, Eds. Interscience Publisher, (1962).

27. P. Rao. Topical Report on Microstructural Studies of BUR Pipe. General 
Electric Report Number NEDC-21229, April (1976).

13



Paper No. 27

THE EFFECTS OF GRAIN BOUNDARY IMPURITIES AND COLD WORK

ON THE CORROSION OF 304 STAINLESS STEEL

C. L. Briant

GENERAL ELECTRIC COMPANY 
Research and Development CenJ -r 

P.O. Box 8

Schenectady, New York 12301

Michael Fox, EPRI Contact



THE EFFECTS OF GRAIN BOUNDARY IMPURITIES AND COLD WORK 

ON THE CORROSION OF 304 STAINLESS STEEL

C. L. Briant*

ABSTRACT

This paper reports on studies of heat to heat variability in 304 stainless steels.

It shows that nitrogen may retard the nucleation of C^-jCg and thus deter the 

sensitization process. At high electrochemical potentials phosphorus can accelerate 

the corrosion of a sensitized sample. The presence of martensite greatly increases 

the kinetics of chromium depletion and thus provides a mechanism for rapid 

sensitization.

INTRODUCTION

Bain's chromium depletion model provides the best general explanation of the 

loss in corrosion resistance observed when stainless steels are heat treated 

in the temperature range of 600 to 800°C (1_). The model suggests that chromium 

carbides (C^Cg) form along the grain boundaries during these heat treatments; 

as they grow, they deplete the region around them of chromium. If the carbide 

density is sufficiently high, the grain boundaries become regions of low C con

centration and are thus susceptible to corrosive attack. This process is 

known as sensitization. Prolonged heating in this temperature range allows Cr 

to diffuse from the matrix to replenish these depleted regions. This restores 

the good corrosion resistance normally associated with these alloys.

This model appears to correctly explain the general phenomonen of sensitization. 

However, commercial heats of stainless steel exhibit great variability in their 

response to sensitizing heat treatments (2-6). These variations do not correlate 

precisely with the chromium and carbon contents of the alloy. One is thus led to 

the conclusion that factors other than the chemical concentrations of these two 

elements must affect the thermodynamics and kinetics of chromium depletion, or 

that elements other than chromium can contribute to passivation or corrosion of 

the alloy. Three variables which have often been proposed to explain these 

differences are grain size, cold work prior to sensitization, and third element 

effects on the chromium-carbon equilibrium. In this last category the third

*General Electric Company, Research and Development Center, P. 0. Box 8 ,

Schenectady, Mew York 12301
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elements may either be major alloying elements or uncontrolled impurity elements.

The impurity elements often have quite low bulk concentrations; however, many of 

these elements segregate to grain boundaries where their concentrations may be 

Quite hiah. Since she chromium-carbon equilibrium that is important for sensitiza

tion is the local equilibrium at the grain boundary, these elements might greatly 

affect sensitization. Furthermore, if these elements accelerate or retard cor

rosion, they will be most effective in doing so when they are at the grain boundary.

This paper discusses two of these variables: third element effects and cold work 

prior to sensitization. It will be shown that third elements can either retard 

the kinetics of sensitization, or exacerbate the corrosion process. Colt! work 

greatly accelerates sensitization if martensite has been introduced during the 
deformation.

EXPERIMENTAL

To assess the corrosion susceptibility of stainless steels, two tests were used: 

the modified Strauss test, and the Huey test. The procedures for these tests are 

outlined in Table I. These tests were chosen because they represent two different 

electrochemical potentials. The modified Strauss test sets the poten

tial in the active range for material containing less than =12X Cr, but in the 

passive range for material with a higher Cr content. The Huey test runs at a 

considerably higher electrochemical potential where the steel is in the trans

passive range.

After the modified Strauss test was completed, samples were bent into a U-shape. 

They were then classified into one of three categories: no attack, partial attack, 

or failure. No attack means that there was no evidence of corrosive attack.

Partial attack means that corrosion had occurred but that the sample remained 

intact upon bending. Failure means that the sample broke into two pieces upon 

bending. Weight loss was used as the measure of corrosion for the Huey test.

This was normalized with respect to sample geometry by dividing the measured 

weight loss by the initial surface area.

Laboratory made heats of 304 stainless were used to determine the effect of in

dividual impurity elements on corrosion. These heats were melted and fabricated 

by the General Electric Company; the final product was 3.17 mm diameter rod.

The chemical compositions of these heats are given in Table II.
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Samples were given an initial solution anneal of 1100°C for one hour followed by 

a water quench. Sensitization heat treatments were isothermal at temperatures be

tween 400 and 800°C and were followed by a water quench. All heat treatments were 

performed in argon and samples were electropolished before testing.

Auger electron spectroscopy was used to determine the chemical composition of the 

grain boundaries. Samples were fractured in hydrogen gas in the Auger spectrometer. 

This environment produces intergranular slow crack growth in stainless steel. The 

hydrogen was pumped from the system after fracture and the Auger analysis was per

formed at a pressure of 5 x 10’^° Torr. Spectra were taken from both intergranular 

and transgranular surfaces. In this way, the compositions of the grain boundary 

and matrix were compared.

To study the effect of cold work the high purity 304 heat was used. Tensile 

samples were solution annealed, pulled in tension to a load of 80 KSI or 50 KSI and 

then sensitized. The samples were then subjected to corrosion tests.

RESULTS 

Auger Results

Auger electron spectroscopy was used to study the grain boundary chemical composi

tion as a function of sensitizing heat treatment in a commercial heat of stainless 

steel. Table III shows the grain boundary composition after ageing for 100 hours 

at 650°C. Phosphorus, sulfur, silicon, nitrogen, and nickel were all found enriched 

at the grain boundaries. Furthermore, these same elements were observed on the 

grain boundaries after three hours at 650°C. This suggests that these elements 

may have segregated during the solution anneal at 1100°C. This correlates with 

results on ferritic steels which show that P, N, and S segregate to grain boundaries 

during high temperature austenitization (2 ), and also with surface heating results 

performed in this laboratory on 304 stainless steel.

The fact that these elements segregate during the solution anneal has a very 

important consequence. It means that impurities are already enriched at the grain 

boundaries before sensitization begins. Therefore, it is possible for these elements 

to affect the nucleation and early growth of chromium carbides. Furthermore, the 

carbides usually nucleate within several minutes in the temperature range of 650- 

750°C in 304 stainless steel, and diffusion would prohibit extensive segregation 

from the matrix in that time period. An impurity element then must be at the grain 

boundaries prior to sensitization if it is to affect the onset of this process.
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The Effect of Impurities on Corrosion

Based on the Auger results, which showed that P, N, S, and Si are enriched at the 

grain boundaries, laboratory heats of 304 stainless steel were made which were 

doped individually with these elements (Table III). In addition to these basic 

304 heats, one heat was made which contained no impurities and three were made 

with low carbon contents. One of these low carbon heats was high purity, one 

was doped with phosphorus, and one was doped with sulfur.

The data from the modified Strauss tests on the 304 stainless steels are shown in 

Figure la-e. First, note that all of these alloys passed this test 
in the solution annealed condition. Figure la shows the results for the high 

purity 304 alloy; this provides the base line for comparing all of the other heats. 

This heat has a very sharp nose on the time-temperature-sensitization plot at 

650°C. Complete failure can be obtained at this temperature after a 15-minute 

sensitization heat treatment. Several hours of heat treatment are required at 

either 500°C or 700°C. The curves for the phosphorus and sulfur doped steels are 

qjite similar. Nitrogen appears to have a greater effect on sensitization. Times 

greater than 1 hour at 650°C are required to achieve enough sensitization to fail 

this test and .25 - .50 hours are required to observe any attack at all. Silicon 

additions shift the nose of the curve to higher temperatures. For example, total 

failure was observed after a heat treatment at 700°C for 15 minutes whereas 3-5 

hours at this temperature are required for the high purity heat. At 650°C this 

material behaves poorly although the times required for total failure are slightly 

longer than in the high purity heat. Some healing has been observed in these alloys 

after 500 and 1000 hours at 650° and 700°C.

Metallographic studies of samples corroded in these tests showed that the failure 

was completely intergranular. An example is shown in Figure 2.

Huey test results showed a greater dependence on the specific impurities; also, 
the solution annealed samples were corroded. The attack on the solution 

annealed high purity and nitrogen doped steels was very light, with only a few 

grain boundaries being etched. The intergranular attack is not much greater 

in the solution annealed sulfur doped steel. The attack on grain boundaries of 

the Si and P doped steels was greater, and that on a commercial steel even more 

so. Examples are shown in Figure 3- The level of attack in all of these tests was 

low enough so that no grains dropped from the sample during the test. After sensi

tization, the differences between these heats were even more apparent. The
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corrosion rate (total weight loss divided by the initial surface area) increased 

slightly with ageing time at 650°C for the high purity, sulfur doped, silicon 

doped, and nitrogen doped materials, but the corrosion rate of the phosphorus 

doped steel rapidly became much greater. After 24 hours at 650°C this steel had 

a corrosion rate 4 to 5 times that of the others, as shown in Figure 4. Additional 

ageing through 1 0 0 hours caused no change in the corrosion rate; however, ageing 

at 500 and 1000 hours caused it to drop rapidly. This corresponds very well with 

the healing observed in the modified Strauss test (Figure 1). As chromium deple

tion occurs, this lower Cr content plus the presence of phosphorus makes the steel 

very susceptible to corrosive attack. When chromium diffuses back to the boundary 

causing healing, the phosphorus alone does not produce this large effect. Figure 5 

shows similar data obtained at other ageing temperatures.

We now consider the low carbon steels. One of these was a high purity alloy, one 

was doped with .06 P and one with .03 S. All three of these heats were quite re

sistant to the modified Strauss test when compared with the high carbon heats.

Figure 6 shows these results. We note again that adding phosphorus does not affect 

the response of this steel to the modified Strauss test. The great improvement 

observed for the sulfur doped heat is certainly a result of the extremely low 

carbon content of this alloy.

In the Huey test a difference was also observed between these low carbon alloys 

and the higher carbon heats. In the solution annealed condition the low carbon, 

high purity heat was virtually unattacked. In the sulfur doped heat the grain 

boundaries were not attacked although CrS particles were etched away. In the 

P doped steel many grain boundaries were attacked although not to as great an ex

tent as for the carbon containing alloys. Upon sensitizing, there was little change 

in the corrosion rate of the high purity or sulfur doped materials, although there 

was an increase for the P doped alloy. Some surface grains were observed to drop 

out. These results are shown in Figure 7. A comparison of these results with those 

in Figures 4 and 5 reemphasizes that it is the combination of chromium depletion 

and P segregation that is so deleterious in this test.

The Effect of Cold Work on Sensitization

To evaluate the effects of cold work on the sensitization process, the modified
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Strauss test was used. The results from this test for samples pulled in tension 

to 50 KSI before sensitization are given in Table IV. In this Table we compare 

the data for these samples with those for samples which were solution annealed and 

sensitized without the intermediate cold work. It is clear that cold work shortens 

the time required for sensitization at all temperatures; the results are especially 

dramatic in the lower temperature range. However, a sample which was solution 

annealed and deformed but not sensitized did not corrode in this test. Therefore, 

it is the sensitization after cold work which is so deleterious.

The path of corrosive attack in these samples was quite different from those in 

solution annealed samples. In all samples sensitized below 500°C, the corrosion 

was almost totally transgranular (Figures 8 a and 8 b). In samples sensitized at 

550°C and above, the attack was either transgranular or intergranular depending 

on the length of the heat treatment. After short time heat treatments the attack 

was primarily transgranular (Figure 8 a.). This changed to intergranular with longer 

heat treatments, although the transgranular attack could still be observed (Figure 

8 c). After still longer heat treatments the attack was fully intergranular with 

only traces of transgranular attack (Figures 8 d).

Table V compares the results of samples pulled to 80 KSI before sensitization with 

those of samples pulled to 50 KSI. To make this comparison samples were heat 

treated for either 1 or 24 hours. There are several noteworthy changes associated 

with the increased amount of cold work. First, one hour at 450°C caused total 

failure. Even more interesting is the fact that heat treating the sample at 650°C 

for 24 hours produced partial healing. The corrosion which occurred was partly 

transgranular and partly intergranular. The same effect could be observed after 

1 hour at 700°C. This healing phenomenon is in agreement with the observations 
of Bain, et. al. (1_), and of Tedmon, et. a!. (£).

Transmission electron microscopy has been used to study these deformed and 

sensitized structures. These results show that cold work produces laths of 

body centered tetragonal martensite within the austenite grains. The 

results show that the carbides (MgjCg) formed during subsequent sensitization are 

within these martensite laths or along lath boundaries (Figure 9).

It is clear from these results that cold work can cause very rapid sensitization 

in 304 stainless steel leading to transgranular corrosion. Extensive amounts can 

also lead to rapid healing. The combined data from corrosion tests and transmission
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electron microscopy suggest a possible explanation for these results. Both 

chromium and carbon diffuse more rapidly in the body-centered martensite than in 

the face-centered austenite. Therefore, precipitation can occur more quickly 

and at lower temperatures in the martensitic phase, and chromium depletion will 

occur more rapidly. However, the increased diffusion coefficient of chromium 

also means that healing can occur at shorter times. If small quantities of mar

tensite are present in the sample, as in the case with those pulled to 50 KSI, 

all of the detrimental effects of rapid sensitization are observed. However, 

there is not enough martensite to generally deplete the material of carbon. Even 

though the martensite heals, the intergranular corrosion normally observed in the 

absence of martensite takes over, and rapid general healing is not observed, 

when large quantities of martensite are present as with the samples pulled to 

80 KSI, most of the carbon is tied up in transgranular carbides within the mar

tensite and very little is left to precipitate along the grain boundaries. This 
produces healing at very short times.

Martensite can also greatly enhance sensitization in low carbon stainless steels. 

This is because the solubility of carbon in the martensite is much lower than in 

the austenite. Therefore, if martensite is placed in a solution annealed sample, 

the driving force to form chromium carbides will be much greater ih the martensite 

lathes than in the austenite. Figure 10 shows results for a low carbon steel in 

two conditions. The data reported in Figure 10a are for samples that were solution 

annealed, sensitized, and subjected to the modified Strauss test. Figure 10b 

shows data for samples that were solution annealed, pulled in tension to 80 KSI, 

sensitized, and then subjected to the modified Strauss test. It is clear that the 

presence of martensite greatly enhances sensitization in this .028 carbon steel.

CONCLUSIONS

All of this work clearly points to the fact that sensitization is not controlled 

simply by the chromium and carbon contents of a material but by additional elements 

and prior cold work. Impurity elements can segregate to the grain boundaries 

even during the solution anneal heat treatment and thus are present at the grain 

boundary to affect the nucleation and early growth of carbides. Our results 

suggest that nitrogen may retard nucleation and/or growth of the carbides. At 

high electrochemical potentials, phosphorus accelerates corrosion.
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Cold work prior to sensitization can greatly enhance sensitization. We propose 

that this effect is primarily due to the fact that martensite forms during the 

cold work and provides a region where chromium depletion can rapidly occur. The 

martensite also causes severe sensitization in low carbon steels.
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Metallic Cu

65% HNO3

Test Condition

72 hours in 
boiling solution

5 periods of 2 days 
each in boiling 
solution
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Table II

CHEMICAL COMPOSITION OF HEATS USED IN THIS STUDY

Heat Ni Cr C P S Si N

High purity 9.4 18.6 .069 .003 .009 < . 0 1 . 0 0 2

P doped 9.4 17.6 .063 .060 .003 < . 0 1 .001

S doped 9.6 18.6 .068 .003 .033 < . 0 1 . 0 0 2

N doped 9.3 18.5 .058 .004 .005 < • 0 1 .032
Si doped* 9.5 18.5 .065 -- — .1 —

Low Carbon Alloys

High purity 9.2 18.5 . 0 2 .004 .006 < . 0 1 < . 0 1

P doped 9.2 18.2 . 0 2 .060 .006 < . 0 1 < . 0 1

S doped 9.5 18.5 .005 — .03 — —

* These are the nominal compositions requested. Chemical analysis has not 
been completed.

Table III

Auger Results for a Commercial Heat of 304 Stainless 
Steel Sensitized 650°C for 100 Hours. All Peaks are 
Relative to the Fe 703 ev Peak.

Element Peak Height Ratio

P .0 2

S .05

Si .06

Ni 1.70

N .01

-9 -



Table IV

Results from Modified Strauss Test

MINIMUM TIME REQUIRED FOR OBSERVABLE ATTACK 
IN SAMPLES PULLED TO 50 KSI BEFORE SENSITIZATION

Sensitizing
Temperature

Solution Anneal 
Pulled to 50 KSI 

Sensi ti zed

Solution Anneal 
Sensitized

450°C 1-24 hours > 1 0 0  hours

500°C 15-30 minutes > 1 0 0  hours

550°C <15 minutes 1 - 1 0  hours

650°C <1 minute 3-5 minutes

700 °C <15 minutes <15 minutes

Minimum Time Required for Complete Failure

450°C 24-100 hours > 1 0 0  hours

500°C 24-100 hours > 1 0 0  hours

550° C 15-30 minutes 24-100 hours

650°C 7-10 minutes 12-15 minutes

700°C 15-30 minutes 5-10 hours

Table V

COMPARISON OF RESULTS FOR MODIFIED STRAUSS TEST FOR SAMPLES 

PULLED TO 50 KSI AND 80 KSI BEFORE SENSITIZATION

Sensitizing 1 Hour Sensitized 24 Hour Sensitized
Temperature 50 KSI 80 KSI 50 KSI 80 KSI

450°C No Attack Parti al Partial Partial

500°C Partial Partial Partial Failure

650°C Failure Failure Failure Partial

NOTE: Partial attack means that corrosion had occurred but the sample did not break 
upon bending. Failure means that the sample broke into two pieces upon 
bending.

-10-
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Figure 1: Results of the modified Strauss test on the higher 
carbon heats. An open circle means there was no visible 
attack. A crossed circle means there was attack, but that 
the sample remained intact upon bending. A closed circle 
means that the sample broke into two pieces upon bending.

Figure 2: Intergranular corrosion caused 
by the modified Strauss test.
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Figure 3: Corrosion of solution annealed samples produced by the 
Huey test, (a) High purity 304, (b) high purity 304 doped with 
.06 P, and (c) commercial 304.

Figure 4: Corrosion rates in the Huey test plotted as 
a function of heat treating time at 650°C. These 
results are for the higher carbon samples.

-14-



W
EIG

HT
 L

O
SS

 (
GM

S/
CM

2)
 

W
EIG

HT
 L

OS
S 

(G
MS

/C
M2

)

Figure 5: Corrosion rates in the Huey test plotted as a 
function of heat treating time at 600°C and 700°C. These 
results are for the higher carbon steels.

-15-



lI
Ml

't
HA

lU
Ht

 
C
C
)

300;----— '------------------ - ---------- —
: HOCfritS r?AUSS TEST KIGH '•JfilT'f 2C4L i

SCO- _

7ZC- c <"*

s /• • • • • •
6-:c*_ * ^  • •

- s

c '*'<**.,̂  •

v „ a c

r . c -

■

S  * tO "“

* ' ' *  ’ >:*■. :c= i: » * -

s'

o MC A” a : <
•  s i » i ' i w a — a : <
•  -AJl ’-SE

•  • " n  a r*ww

< a a a « •

!£ -- 1C*" •  »  • » -
N *v» •  9

KC<-
OC CCC

iCC
;CC ICCC

’ : « £  I ”  " V ? £ = A 7 : . P t

j “ 5 =



CO
RR

O
SI

O
N

 R
AT

E 
(G

M
S/

cm
?t

Eu

©

<t
(X

©
eo
©
<K
(S
©
o

rig. /b

-17-



C\l
Eo
co
o
Ll )
I—
<tcc

o
o
cc
cr
o
o

O.I5i

0.10

--------------- 1---------1 i r- m - q — i---------1— r i  i 7 t i  |--------

a 600°C 
o 650°C 

-  □  700® C

TYPE 304L 
DOPED WITH 0.03S

s— 8_______I A-.i J U x m s ___ i i___ i V.i i n i l ____
10 1 0 0

TIME (HRS)
1000

Figure 7: Results of the Huey test on lower carbon steels.

-18-



Figure 8 -C Figure 8 -D

Figure 8 : Corrosion in the modified Strauss test of samples pulled 
to 344.7 MN/irr before sensitizing, (a) A sample which was attacked 
but did not fail upon bending. Note the transgranular nature of the 
attack, (b) A sample which failed due to transgranular corrosion.
(c) A sample which failed along the grain boundaries but still showed 
clear evidence of transgranular corrosion, (d) A sample which failed 
along the grain boundaries with little evidence of transgranular 
corrosion.

Figure 9: A transmission electron micrograph of a 
sample pulled in tension before sensitization. The 
carbides (M2,Cj have precipitated in or along 
martensite laths.
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EVALUATION OF SCO SUSCEPTIBILITY FOR SENSITIZED 304 STAINLESS STEEL 

BY MEANS OF CYCLIC TENSION RATE IN 290°C HIGH PURITY WATER

by Hiroshi TAKAKU* *1, Moriyasu TOKIWAI* 2 

and Hideo HIRAN0*3

ABSTRACT

The effects of load waveform on intergranular stress corrosion cracking (IGSCC) 

susceptibility have been examined for sensitized 304 stainless steels in a 290°C 

high purity water loop. Concerning the strain rate in the trapezoidal stress 

waveform, it was found that IGSCC susceptibility was higher for smaller values 

of the strain rate. The followings were also proved that IGSCC susceptibility 

became higher when the holding time at the upper stress was prolonged and when 

the upper stress level was raised. The occurrence of IGSCC for sensitized 304 

stainless steel was extremely facilitated by loading of the cyclic tension in 

290°C high purity water.

*1 Senior Research Engineer, Material Engineering Section 

*2 Research Engineer, Material Engineering Section

*3 Research Engineer, Corrosion Chemistry Section
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Section 1 

INTRODUCTION

Generally, SCC is considered to occur in cases when the three factors compris

ing material, stress and environment interact with one another. SCC occurring 

in cooling system pipes of Boiling Water Reactor (BWR) is not an exception^ "

A weldment of 304 stainless steel pipes is sensitized near the grain boundary 

due to weld heating and exposed to high temperature water, causing high inter

granular corrosion.

From the viewpoint of stress, the occurrence of SCC is thought to be facilitated 

by cyclic stress accompanying start-ups and shut-down of the nuclear reactor in 

addition to tensile residual stress caused by welding and grinding! ~ 4 . It is 

suggested that the probability of SCC occurrence in the weldment of BWR pipes 

is related to the number of plant start-ups and shut-downs, i.e. the number of 

cyclic tension^.

Relatively few studies have been reported with respect to SCC behaviors under 

cyclic stress. Nakajima and Kondo et al reported^ that propagation of cracks 

in sensitized 304 stainless steel under cyclic stress in oxygenated high purity 

water was caused by the combined effect of time-dependent SCC and cycle-dependent 

corrosion fatigue.

In this study, the effects of trapezoidal stress waveform on IGSCC susceptibility 

were examined for sensitized 304 stainless steel in 290°C high purity water by 

applying cyclic tensile stress at a much slower strain rate than that described 

in the above report. In order to obtain the fundamental knowledge of 304 stain

less steels weld-sensitized and furnace-sensitized at 600°C for between 10 

minutes and 240 hours, constant extension rate stress corrosion cracking test 

in 290°C high purity water and intergranular corrosion test in boiling H2SO4 - 

CUSO4 aqueous solution (Strauss solution) were also conducted.

1



Section 2

EXPERIMENTAL PROCEDURES

2-1 Material and Specimen Preparation

Stress corrosion and intergranular corrosion tests were conducted for a Type 

304 stainless steel.

The chemical composition and mechanical properties at room temperature for Type 

304 stainless steel are shown in Table 1. The amount of carbon is 0.05 wt %.

Solution heat treatment of the material was performed by heating the material 

at 1050°C for 15 minutes and then quenching it with water. Heat treatment for 

sensitization was conducted by the method of furnace-heating at 600°C for between 

10 minutes and 240 hours after solution heat treatment.

The material welded with normal heat-input was prepared for examining IGSCC 

susceptibility in the weld-sensitized portion. In Table 2 is shown the welding 

process including passes and heat-input. The process used was inert gas tungsten 

arc welding, i.e. the welding in Ar gas flow. The position of cutting off the 

SCC specimens from the welded plate is shown in Fig. 1.

Dimension in the figure is mm. In this process, one of the heat-affected zones 
is situated completely within the gage length of 20 mm.

2-2 SCC test

The SCC test was conducted in a refreshed water loop. The flow diagram of stress 

corrosion test facility is shown in Fig. 2. The water temperature was 290°C.

High purity water containing air-saturated dissolved oxygen (-v3ppm) and having 

electric resistivity of 5Mn-cm or more was supplied to the system.

Fig. 3, (a) and (b) show the size of SCC test specimens used for cyclic tension 

and constant load, and constant extension rate, respectively. Cyclic tension 

SCC test under load-controlled condition, constant extension rate test (CERT) 

and constant load test were conducted by an Instron type tensile machine in a 

290°C high purity water loop.
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Fig. 4 shows the stress waveform in the cyclic tension SCC test. In this trape

zoidal stress waveform, the lower holding time and lower holding stress were 

held constant at values of 3min and 0.85 a^, respectively. The "ay" indicates

0.2% proof stress of the material in 290°C high purity water. The upper holding 

stress level, the upper holding time and the strain rate were changed.

A few SCC tests under constant stress were also made for the sensitized stainless 

steels with the same machine that the cyclic tension test was done. The constant 

strain rate (CERT) SCC test was conducted in the strain rate range between 4.2 

x 10-7 and 1 x 10"3 sec-^. After stress corrosion cracking tests, the micro

structure near crackings and the fracture mode were observed with an optical 

microscope and a scanning electron microscope, respectively.

2-3 Intergranular Corrosion Test

The intergranular corrosion test of 304 stainless steel sensitized at 600°C for 

various times was made by the method according to JIS-G0575. The test was 

conducted in 100 gm/«. H2S0 4 -1 0 0 gm/«, CUSO4 aqueous solution, i.e. in Strauss 

solution.

The corrosion immersion test is a method in which the test pieces are taken out 

every two hours and weighed to obtain the weight loss due to intergranular cor

rosion. The solution was refreshed each time when the weight loss of the speci

men was measured, i.e. at every two hours.
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Section 3

EXPERIMENTAL RESULTS AND INTERPRETATION 

3-1 Cyclic Tension SCC Test

Table 3 shows the summarized results of cyclic loading SCC test in 290°C high 

purity water, together with a few results of the constant load SCC test.

With respect to the weld-sensitized 304 stainless steel, it was shown that IGSCC 

was not easy to occur in cyclic tension SCC test under 1.75 oy upper holding 

stress and at the very low strain rate of 8.3 x 10-7 sec-1. However, when the 

upper holding stress was increased to 2.25 oy level and cyclic tension was applied, 

the material was ruptured due to IGSCC at the most heavily sensitized portion of 

the weldment.

Other results of the weld-sensitized 304 stainless steel are as follows. When 

the material was tested continuously up to 2.25 oy stress with the strain rate of 

5 x 10"6 sec-1 and held at this stress level, it was fractured by IGSCC at 211 

hours. On the other hand, under cyclic loading with the same strain rate and 

the same upper holding stress, the material failed by IGSCC at cycles of 110 and 

29 for upper holding time of 3 and 30 minutes, respectively. On the assumption 

that intergranular cracking due to stress corrosion is developed mainly at the 

upper holding stress of 2.25 oy in the latter cyclic tension SCC tests, the 

effective times to propagate the cracking are 5.5 and 14.5 hours, corresponding

ly to the total test times to failure of 208 and 69 hours, respectively. There

fore, the above results show that the occurrence of IGSCC becomes easy due to 

the application of cyclic tension.

The following results were obtained in the material furnace-sensitized at 600*C 

for 24 hours.

The first result is the strain rate dependency upon IGSCC susceptibility in

cyclic tension SCC test. When cyclic tensile load was applied with 1.75 oy

upper holding stress, IGSCC susceptibility was detected even at a relatively

large strain rate, e.g. 4.2 x 10"^ sec- .̂ With other conditions a, „
upper, lower,

7



Tupper and Tlower'' *ie^d the same> the material was ruptured due to IGSCC after 
a smaller number of cycles and with a shorter time to failure when the strain 

rate was smaller. This indicates that the strain rate has a great influence on 

IGSCC susceptibility.

In the cyclic tension SCC test with £ = 2 x 10"5 sec“  ̂ and 1.75 oy upper stress, 

the material was ruptured at about 100 cycles (about 62 hrs) due to IGSCC. On 

the other hand, when tensile stress was continuously applied to the test speci

men up to the 1.75 Oy level with the same strain rate and held at this stress

i.e., constant loading SCC test, no IGSCC occurred even after a time when about 

five times longer had elapsed. This shows a particular effect of the application 

of cyclic tension upon IGSCC susceptibility in high temperature water.

The third result for the severely sensitized material is that the upper stress 

holding time also affects the IGSCC susceptibility in the cyclic tension SCC 

test. That is, as shown in Table 3, if the upper stress holding time was 

prolonged from 3 minutes to 30 minutes with the strain rate set to 5 x 10"® sec-  ̂

and with the constant upper stress of 1.75 o^, the test specimen was ruptured in 

a shorter time and at a smaller number of cycles (49) due to IGSCC.

Figs. 5 and 6 show the fracture modes of weld-sensitized and furnace-sensitized 

materials, respectively, after cyclic tension S X  test. With the same testing 

conditions, a relatively smooth surface of intergranular crackings was observed 

at the strain rate of 10“6 sec"^ order (Fig. 5). However, with the large strain 

rate of 4 x 10_5 sec-1, parallel striations of about 50 urn width were found 

running perpendicularly to a direction of development of the cracks (Fig. 6).

It is considered that these striations may be produced by application of cyclic 

tension.

3-2 Constant Extension Rate SCC Test

Results of CERT SCC test in 290°C high purity water for sensitized 304 stainless 

steel used in this study were as follows.

Fig. 7 shows the stress-strain curves for the 304 stainless steel sensitized at 

600°C for 24 hrs and tested at constant strain rates in 290°C high purity water. 

If the strain rate is larger than l x 10"3 sec-^, the ruptured surface shows 

dimple pattern and the effects of corrosion reaction in high temperature water

6



were not observed. On the other hand, when the strain rate became smaller than 

about 4.2 x 10~5 sec"1, I6SCC susceptibility was increased. As shown in Fig. 7 

and described by M. Hishida et al®»^, this increase of SCC susceptibility can be 

manifested by a lowering value of the iiiaximum stress Umax.) on a flow curve ln 
the CERT test ard that of the elongation at omaXt

Fig. 8 shows a series of low-magnification fractographs corresponding to the 

above flow curves (Fig. 7). In these photographs, the somewhat black part shows 

intergranular stress corrosion cracking and other white portion is dimple pattern. 

This dimple pattern is covered with no oxide film and thus may be produced by a 

mechanical fast failure. As the strain rate becomes low, the increase in IGSCC 

area ratio of the fractured surface is found clearly in Fig. 8.

Especially, when the material was tested at the lowest strain rate, IGSCC was 

found on the almost overall fractured surface as shown in Fig. 8(d). This 

phenomenon is probably caused by the predominant intergranular corrosion reaction 

as compared with the mechanical effect.

Table 4 shows the summarized results of CERT SCC test for weld-sensitized and 

furnace-sensitized 304 stainless steels in 290°C high purity water.

IGSCC of the weld-sensitized material occurred at the smaller strain rate than 

the low value of 10-® sec-1 order. When omaXt e at and area ratio of SCC 

were taken into consideration with the same strain rate of 4.2 x 10"® sec-1, the 

weld-sensitized material showed a higher IGSCC susceptibility than the material 

sensitized by heating at 600°C for 3 hours.

The following results for furnace-sensitized materials are seen from Table 4.

For the same sensitized material, IGSCC susceptibility was higher when the strain 

rate was smaller. The test with strain rate of 4.2 x 10-® sec-1 showed that 

IGSCC susceptibility was the highest at 12 ^ 24 hrs for 600°C sensitizing, and 

it tends to lower in the material sensitized for a long time, e.g. 240 hrs. This 

is supposed to be caused by smaller intergranular corrosion in high temperature 

water as a result of considerable elimination of Cr depleted zone which was formed 

by M2 3 C6 precipitated at the grain boundary owing to the long time heating, i.e. 

rediffusion of C r M o .

9
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Table 4. Results of SCC Test for Sensitized 340 Stainless Steel, Tested at 
Constant Extension Rate in 290°C High Purity Water Containing 
Air-saturated Dissolved Oxygen (<̂ 8 ppm)

Heat-treatment Strain 
Rate, 1/sec

°max> (*) 
kg/mrn^

Strain at 
°max»

Fracture mode Area Ratio 
of SCC, %

4.2 X

LO1or— 44.1 45.6 Dimple 0

Weld- 1 X 10"5 41.3 40.0 IGSCC 15

sensitized 4.2 X lo-s 39.5 32.0 IGSCC 25

4.2 X IQ"7 33.8 19.2 IGSCC 50

600°C x 10 min. 4.2 X o 1 **
-J

43.9 43.3 Dimple 0

600°C x 30 min. 4.2 X 10'6 43.7 33.5 IG + TG (**) 3lG + 25tg
4.2 X lO-7 42.5 33.5 IGSCC 13

4.2 X 10-5 43.2 48.2 IGSCC 2

600°C x 3hr 1 X 10"5 39.3 42.0 IGSCC 5

4.2 X 10"6 40.1 38.1 IGSCC 13

600°C x 6hr 4.2 X 10"6 33.3 18.3 IGSCC 55

600°C x 12hr 4.2 X 10-6 27.9 11.2 IGSCC 73

1 X

CO1o
43.8 51.5 Dimple 0

4.2 X lO"5 43.8 44.3 IGSCC 5
600°C x 24hr 1 X 10"5 31.8 15.5 IGSCC 38

4.2 X 10-6 31.8 15.4 IGSCC 64

4.2 X 10-7 25.3 6.9 IGSCC 100

600°C x lOOhr 4.2 X 10"6 35.9 18.5 IGSCC 69

600°C x 240hr 4.2 X 10'6 39.9 23.8 IGSCC 46

(*) °max * Maximum Stress at Flow Curve in CERT SCC Test 

(**) TG ; Transgranular Stress Corrosion Cracking
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Fig. 9 shows a microstructure near the fractured portion of the welded specimen 

chat was tested at constant strain rate of 4.2 x 10" 7 sec"^ in 290°C high purity 

water. As seen from the enlarged photographs in this figure, the heavily sensi

tized part in the weld heat affected zone was ruptured by IGSCC. It is considered 

that this weld-heating may also produce the predominant SCC path along the grain 

boundary.

Fig. 10 shows a fractograph of 304 stainless steel sensitized at 600°C for 30 

minutes after CERT SCC test with strain rate of 4.2 x 10"® sec"^. The stress 

corrosion cracking initiated at the grain boundary and propagated intergranular- 

ly in a few grains, and thereafter propagated transgranularly. As shown in Table 

4, it was found that the same material was ruptured mainly by IGSCC when the 

strain rate became smaller than above.

The above results indicate that sensitization and strain rate control the SCC 

fracture mode of 304 stainless steel in high-temperature pure water.

3-3 Intergranular Corrosion

Effects of sensitization on intergranular corrosion in boiling H2 SO4 -CUSO4  

aqueous solution are shown in Fig. 11.

The solution heat-treated material showed very little weight loss due to corro

sion even if the immersion time was increased. This indicates that almost no 

intergranular corrosion occurred on the material. On the other hand, the 

material sensitized at 600°C showed a larger weight loss due to corrosion as the 

heating time was prolonged.

The weight loss due to intergranular corrosion was particularly larger in mate

rials heated for 100 hrs and 240 hrs. The extremely large apparent weight loss 

in these materials is thought to be caused by separation of grains from the 

specimen surface.

3.4 Relation between CERT SCC Susceptibility and Intergranular Corrosion

Fig. 12 shows the effect of sensitization on IGSCC susceptibility and inter

granular corrosion as a function of sensitizing time.

The CERT SCC susceptibility in 290°C high purity water indicated by omax and

12



area ratio of I6SCC rises to the highest level at 12 “v 24 hrs sensitization. 
However, when the material is immersed in boiling H2SO4-CUSO4 aqueous solution, 
the intergranular corrosion indicated by weight loss becomes greater as the 
sensitizing time is increased.

Above results suggest that when the sensitization is extremely severe, the pre
diction of IGSCC susceptibility in high-temperature pure water is impossible 
with the intergranular corrosion test in boiling H2SO4-CUSO4 .

13



The major emphasis of discussions is placed on the behavior of the intergranular 

cracking which occurs in cyclic tension SCC test.

4.1 Effect of Fundamental Parameters in Stress Waveform on Intergranular Crack
ing Susceptibility

As shown in Tables 3 and 4, the cyclic tension SCC test results indicating that 

intergranular cracking susceptibility is higher with smaller strain rates is 

consistent with those of CERT SCC test for the sensitized material.

In the cyclic tension SCC test with the trapezoidal stress waveform, the rupture 

due to intergranular cracking for the furnace-sensitiztd material occurs with a 

smaller number of cycles and a shorter time to failure when the strain rate is 

smaller. It appears that film rupture and subsequent attack at emerging slip steps 

may occur preferentially in chromium-depleted regions near grain boundary due to 

dynamic straining1 .̂ Strain rates in the critical range to promote SCC maintain 

the delicate balance at the crack tip between deformation, anodic dissolution, 

film formations and diffusion^. Therefore, the dynamic strain-enhanced corro

sion mechanism for intergranular cracking in this high temperature water system 

may be probably due to the mechano-chemical effects^

Intergranular cracking susceptibility becomes higher as the upper holding stress 

level is larger and the holding time at upper stress is prolonged. These pheno

mena are consistent with the features of SCC test made under constant load, as 

reported by Clarke^ and Berry^. if the stress or strain is highly concentrated, 

for example, because planar glide forces all strain to occur on one slip system 

(slip step dissolution), or because of strain concentration at a grain boundary, 

then the local strain increment at a crack tip becomes much higher^.

Occurrence of intergranular cracking is facilitated by application of cyclic ten

sion. This result may support the facts that weldments in BWR cooling syste i 

pipes are subject to cyclic stress, and that the frequency of SCC occurrence is

Section 4

DISCUSSION
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related to the number of cycles of reactor start-up and shut-down^»2- although 

experiments presented in this study are conducted at higher oxygen level 8 

ppm dissolved oxygen) than at normal BWR operating conditions.

It is considered that there exist conditions for a stress waveform which permits 

the most frequent occurrence of intergranular cracking induced by corrosion when 

the sensitizing and environmental conditions are unchanged.

The degree of sensitization is also one of the very important parameters in the 

cyclic tension SCC test.

As shown in Table 3, the weld-sensitized portion has a lower intergranular crack

ing susceptibility than the material furnace-sensitized at 600°C for 24 hours 

under the same testing condition of cyclic tension. This suggests that chromium 

concentration in the chromium-depleted region and the width of this region may 

control the intergranular cracking susceptibility of the sensitized 304 stainless 

steel in oxygenated high temperature water.

4-2 Fracture Mode and Crack Propagation Rate in Cyclic Tension SCC Test

The relatively smooth intergranular crackings of the weldment indicated in Fig.

5 have a strong resemblance to the fracture mode in BWR pipe crackings^.

Intergranular cracking in the cyclic tension SCC test seems to be caused rather 

by stress corrosion than by corrosion fatigue from the viewpoint of the fracture 

mode. It is considered that there exists no clear fatigue effect except for the 

formation of wide striations corresponding to cycles.

As shown in Fig. 6, many parallel striations are running perpendicularly to a 

direction of the crack growth. These striations may be produced by application 

of cyclic tension, because there finds no other reasonable explanation for the 

formation of the striations.

There find about 30 striations on the fractured surface exhibited in Fig. 6, then 

the average width between two striations can be calculated to be approximately 

50 ym. The average intergranular cracking growth rate can be estimated about

0.04 pm/sec by the above value. This crack propagation rate is approximately 

ten times as large as the result reported by Nakajima^ and Clarke^. Therefore,

16



it is considered that the intergranular cracking growth rate is accelerated by 

the application of cyclic tension in the oxygenated high temperature water.

The sensitized material indicated in Fig. 6 fractures with 113 cycles, and as 

described above, the latter 30 cycles of total cycles (113) are related to the 

intergranular cracking propagation. Thus, it appears that the incipient 83 

cycles which correspond to the crack incubation period may play an important 

role in the initiation of intergranular crackings.

17



The experimental results are summarized as follows:

1. Cyclic tension SCC test with the trapezoidal stress waveform; The 

susceptibility to intergranular cracking increases with decreasing 

strain rates for the heavily sensitized 304 stainless steel. 

Intergranular cracking susceptibility becomes higher as the upper 

holding stress level is larger and the holding time at upper stress 

is prolonged. By the application of cyclic tension, the occurrence 

of intergranular cracking is facilitated and the crack growth rate 

is accelerated.

2. Constant extension rate SCC test; The increased severity of inter

granular stress corrosion cracking for sensitized 304 stainless 

steel is indicated by the reduced elongation, the smaller maximum 

stress prior to failure and the increased IGSCC area ratio of the 

fractured surface in the CERT SCC test.

3. Intergranular corrosion test; As the heating time is prolonged,

304 stainless steels which are sensitized isothermally at 600°C 

from 1 hr to 240 hrs show a larger weight loss due to intergranular 

corrosion. The highest IGSCC susceptibility is obtained by heating 

between 6 hrs and 24 hrs in the CERT SCC test. Thus, the prediction 

of IGSCC susceptibility evaluated by the CERT SCC testing method is 

not always possible with the intergranular corrosion test in 

Strauss solution.

Section 5

CONCLUSION
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Fig. 1.

Fig.

Mechanical cutting location of SCC test specimen from welded plate.

FLOW DIAGRAM OF STRESS COROSSION TEST FACILITY (A-LOOP)
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2. Flow diagram of stress corrosion test facility.
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Fig. 3. Si2e of SCC test specimens, (a) for cyclic tension SCC and (b) for 
CERT SCC.

Fig. 4. Stress waveform for cyclic tension SCC test, ou-, upper holding stress 
lower holding stress, Tu; upper stress holding time, lower 

stress holding time, Tc; time per cycle
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Fig. 5. Fractographs of weld-sensitized 304 stainless steel after cyclic 
tension SCC test, ruptured at 110 cycles, e = 5 x 10“° sec“ *, 
ou = 2.25 cy and Tu = 3 min.
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Fig. 6. Fractographs of furnace-sensitized 304 stainless steel after cyclic 
tension SCC test, ruptured at 113 cycles, > = 4 x 10_5 sec-1, 
au = 1.75 ay and Tu = 3 min.

Fig. 7. Stress-strain curves fcr 304 stainless steel sensitized at 600°C
for 24 hrs., tested at constant extension rate in 290°C high purity 
water (-̂ 8 ppm D.O.)
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Fig. 11. Result of intergranular corrosion test for a series of isothermal- 
heated material, tested in boiling H2SO4 -CUSO4 aqueous solution.

Fig. 12. The effects of sensitization on IGSCC susceptibility, for CERT SCC 
test in 290°C high purity water and intergranular corrosion in 
Strauss solution.
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Section 6

APPENDIX

It is well known that the recrystalization method is valid for the analysis 

of fatigue and creep phenomenaO) in Type 304 stainless steel.

In this appendix, some results obtained by the application of the recrystalization 

method to the fractured specimens which were tested by means of the slow strain 

rate technique (SSRT) are shown.

1 Experiment

SSRT testing condition

• Cross Head Speed : 5.0 jjm/min

• Strain Rate : 3.3 x 10'®sec"^

• Oxygen level is varied

Recrystalization Conditions

•950°C x 24iir^-J in vacuum.

Specimen

•Type 304 stainless steel 

•Sensitization is varied

2 Results and Discussion

• Cracking Mode and S Parameters

•Inhomogeneous Strain Distribution around the Subcrack in Case of IGSCC

•Homogeneous Strain Distribution around the Subcrack in Case of TGSCC

•Relation between the Residual Strain Distribution on the surface of the 
SSRT Tested Specimen and the SCC Susceptibility

3 Conclusions

Applicability of the Recrystalization Method

•To envaluate the SCC Susceptibility as the Back-up Data

2 9



• To study the SCC Mecahnism

•  To analize the Residual Strain in BWR Pipe Cracking 

Reference
[1] Y.Iino ; Metal Science, 1976,10,159

SCC Parameters

Figure 1 The schematic illustration of the stress-strain curves of SSRT 
Testing in the material 1 and 2
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Figure 2 The relation between 
recrystalized grain size and the 
true strain,referred from Y.Iino. 
(The author draw this illustlation 
with parmission of Y.Iino)

Table 1 Typical SCC Parameters obtained by the SSRT Tests.

Material Sensitization
Condition

D. 0. °B o 
(Kg/mrr) %

°F 7 
(Kg/imr) #f*>

Strain Rate 
(sec-1)

Area Ratio 
<*)

Y-6 600°C x 24h 19 ppm 29.7 13.2 15.6 17.2 3.3 x 10‘6 90.3

Y-5 600°C x 24h 20ppm 49.3 43.7 44.0 45.4 3.3 x 10'6 10.9

Y-N-5 700®C x lOh 8ppm 40.7 25.4 32.8 27.3 3.3 x 10‘6 34.6

Y-N-3 700 “C x Ih 8ppm 42.2 27.8 36.1 30.8 3.3 x 10*6 49.4

Photograph 1 The Distribution of the Recrystalized grain corresponding 
to the intensively strained Region induced by the filing at Room 
Temperature
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Photograph 2 Subcracks formed on the surface of the specimen sensitized 
at 600°C for 24hr and subsequently SSRT tested in the oxygenated (19ppm 
D. 0.) water at 290°C. (Specimen Y-6)
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Photograph 4 The Transgranular Cracking on the surface of the specimen 
sensitized at 600°C for 24hr and subsequently SSRT tested in the lower 
oxygen level (20ppb) at 290°C. (Specimen Y-5)
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Photograph 5 (a) and 5 (b) T6SSC subcracks and micro-pits on the surface
of the as SSRT tested and electrochemically etched specimen (before abrasive 
polishing). (Specimen Y-5).

Piotograph 6 The microstructures after the recrystalization 
treatments. (Specimen Y-5).
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Photograph 7(a) and 7(b) The IGSCC subcracks and the Recrystalized 
around the subcracks. (Specimen Y-N-5 and Y-N-3) (~ 8 ppm D 0 )

Grai ns
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THE EPR METHOD FOR THE DETECTION 
OF SENSITIZATION IN STAINLESS STEELS

W. L. Clarke and R. L. Cowan 
General Electric Company, Nuclear Energy Business Group

INTRODUCTION

Background

This report describes work performed under the Reactor Primary Coolant System

Pipe Rupture Study conducted by General Electric for the Metallurgy and Materials

Research Branch of the Division of Reactor Safety Research, USNRC. The overall

objective of the program was to improve the reliability of reactor system piping

by increasing knowledge of failure causing mechanisms and by enhancing the

capability for design evaluation and analysis. Toward the attainment of that
objective, a technique^has been developed to measure the degree of sensitization

quantitatively in thermally treated AISI-304, -304L, -316 and -316L stainless

steels. The Electrochemical Potentiokinetic Reactivation (EPR) test was developed

because of an industrial need for a rapid, nondestructive, quantitative field

test which could be used for assessing sensitization in reactor components. The

EPR method consists of developing potentiokinetic curves on a polarized sample

obtained by controlled potential sweep from the passive to the active region

(reactivation) in a specific electrolyte; details of the test technique have been 
5

reported . All tests used by the industry to detect degree of sensitization are 

considered deficient^ and these deficiencies limit the use of these tests in 

shop-fabricated and field-constructed (welded) components. It was anticipated 

that the results of the EPR measurements could be compared to results of stress 

corrosion f:sts on material with a similar degree of sensitization in the 

environment of concern. Thus, a judgement could be made concerning the possi

bility of intergranular stress corrosion (IGSCC) occurring in the component in 

service.

Development Program

The development effort was orininally divided into two phases. The feasibility 

of the EPR method to measure the degree of sensitization quantitatively was the

1



objective c.' Phase I. The EPR technique was determined to be viable and 

superior to the presently used chemical method (AST?1 Procedure A262-Practice 

E) for laboratory evaluation of as-received and welded conditions^.

Phase II was devoted to conducting numerous tests to establish a data base for 

correlating EPR determined degrees of sensitization with stress corrosion 

resistance of welded AISI-304 and -304L stainless steel piping. The parameters 

used for conducting the EPR test were also extensively investigated during 

Phase II. All data developed during Phase I and Phase II have been reported ’ : .

This paper is concerned with development efforts to qualify an EPR measurement 

technique capable of detecting sensitization nondestructively in stainless steel 

components in the field. These efforts included the fabrication and qualifica

tion of a miniaturized electrochemical field cell, and the design of, and making 

arrangements for fabrication of a portable polarization system to be used with 

the EPR cell. The procedures and specifications for conducting EPR measurements 

have been presented previously*^.

EXPERIMENTAL PROCEDURES 

Materials

The chemical and mechanical properties of the piping materials used in the 

sensitization studies are given in Tables 1 and 2, respectively. The first 

seven materials were also used for the earlier Phase I and II studies. The 

bulk of the piping used was seamless 10-cm (4-in.), Schedule 80, except for 

heats TH6656 (25-cm (10-in.)), Schedule 80 seamless, and 834264 (66-cm (26-in.)), 

Schedule 80 rolled and welded pipe.

Sensitization Measurements

The degree of sensitization was quantified using the ecently developed EPR 

method. The test conditions are given in Table 3. The criteria used to 

distinguish between annealed and sensitized samples include the activation charge, 

Q, given by the integrated area below the reactivation peak of the curve 

(Figure 1). Sensitized steels are easily activated and show high Q values, 

compared to annealed steels which are not susceptible to intergranular corrosion. 

The value Q is normalized by both specimen size and grain size; the data normal- 

ized in this fashion are called Pa and represent the charge (in Coulombs/cm )

I
2



Table 1

COMPOSITION OF AISI-304 STAINLESS STEELS 
USED IN SENSITIZATION STUDIES 

(Element, :")

Heat C Cr Ni Mn Si Mo Cu S P
482038 0.026 18.50 10.30 1.19 0.51 nd nd 0.010 0.016
2P6396 0.040 18.66 10.30 1.65 0.53 0.20 0.12 0.016 0.022
2P6424 0.040 18.37 9.61 1.55 0.46 0.25 0.08 0.013 0.021
454659 0.045 18.40 9.76 1.25 0.57 0.23 0.07 0.015 0.018
M7772 0.050 18.81 10.15 1.80 0.38 0.11 0.15 0.015 0.026
TH6656 0.060 18.31 9.30 1.72 0.47 0.24 0.25 0.006 0.024
834264 0.060 18.30 9.12 1.58 0.62 0.30 0.09 0.028 0.030
M7616 0.060 18.68 10.16 1.69 0.50 0.08 0.08 0.012 0.022
455561 0.032 18.26 10.17 1.15 0.67 0.32 nd 0.009 0.028
435496 0.041 18.43 9.83 1.17 0.56 0.28 nd 0.010 0.018
454970 0.042 18.10 10.10 1.09 0.33 nd nd 0.012 0.018
462305 0.042 18.64 9.93 1.21 0.59 0.18 nd 0.011 0.023
483562 0.045 18.60 9.24 1.27 0.57 0.32 nd 0.009 0.024
M0063 0.051 18.57 10.48 1.71 0.62 nd nd 0.009 0.025
497816 0.051 17.98 10.13 0.92 0.50 0.07 nd 0.011 0.018
181190 0.068 18.56 8.97 1.58 0.62 0.18 nd 0.007 0.022
51416 0.077 18.45 8.79 1.58 0.61 0.15 nd 0.016 0.024
TV002 0.060 18.85 8.91 1.83 0.20 nd nd 0.012 0.034

nd = not determined

N

nd
0.033
0.038
0.029
0.034
0.030
nd

0.038
0.049
0.029
nd

0.062
0.066
nd

0 .021
0.031
0.034
nd
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Table 2

MECHANICAL PROPERTIES OF AISI-304 STAINLESS STEEL 
USED IN SENSITIZATION STUDIES

Room Temperature_______  __________ 289°C (550°F)
YS UTS E RA YS UTS E RA

Heat (ksi) (ksi) (■:) (?’■) (ksi) (ksi) (%) {%)

482038 32.0 81.9 54.2 77.7 20.8 58.6 32.2 76.9
2P6396 38.4 87.7 75.8 78.5 24.2 65.3 42.3 72.7
2P6424 39.0 89.6 74.3 81.6 26.1 66.0 42.5 75.5
454659 35.4 90.4 60.6 79.3 25.9 66.7 34.2 70.7
M7772 41.1 92.4 68.3 78.1 28.5 69.7 40.2 72.1
TH6656 37.0 90.1 66.8 83.4 24.1 66.1 39.1 75.6
834264 38.5 89.5 66.0 70.0 nd nd nd nd
M7616 41.6 91.9 73.5 74.9 28.8 69.4 40.3 71.7
455561 34.6 84.1 70.7 nd 22.1 63.3 43.4 nd
435496 38.0 86.2 69.7 nd 24.4 63.3 43.4 nd
454970 38.4 81.1 60.0 77.2 24.8 66.8 33.9 70.9
462305 37.6 87.3 69.7 nd 22.9 66.9 44.4 nd
483562 36.6 88.9 70.7 nd 20.2 66.5 43.4 nd
M0063 38.9 82.3 68.0 nd 21.4 66.0 40.0 nd
497816 43.6 84.3 69.7 nd 30.2 62.4 41.4 nd
181190 40.3 90.0 52.6 nd 27.4 72.4 33.0 nd
51416 45.2 90.7 65.2 nd 27.4 72.0 36.7 nd
TV002 35.6 78.2 59.0 nd 20.3 67.7 39.0 nd

nd = not determined
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Table 3

EPR TEST CONDITIONS

Electrolyte:

Temperature:

0.5 M H2S04 + 0.01 M KSCN 

25 - 30°C

Sample Surface Finish: 1 pM polish (diamond paste)

Reactivation Scan Rate: 6 V/h for AISI-304 and -304L, 
3 V/h for AISI-316 and -316L

Passivation Potential/Time: + 200mV/2 min.

Deaeration: n2

Polarization System:

Degree of Sensitization 
(data normalization)

Laboratory: Hokuto-Denko with Princeton 
Applied Research Curve Integrator;
Field: ISI Model WC-5 Metal Sensitization 
Detector

Pa (C/cm2) = Q(C)/GBA (cm2)a

-■ " C
GBA=CaIculated Grain Boundary Area in Sample .
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of grain boundary area. This treatment of the data permits normalized direct 

comparisons of different heats of material which exhibit different Q values 

solely as a result of differences in grain size.

For the laboratory tests, the EPR samples were (3x3 mm) sections cut from the 

tab ends of the uniaxial tensile samples tested for IGSCC resistance. The 

samples were mounted in Maraglas* compound, so that only one face of the sample 

was exposed. Electrical contact was made by spot-welding a stainless steel 

screw to each sample before mounting. Finally, the mounted samples were polished 

before testing so that the effect of the grain boundary attack could be viewed 

and documented metallographically. The laboratory tests were conducted using 

conventional electrochemical polarization equipment.

The conduct of a nondestructive, in-situ, field test required the development of 

a miniaturized electrochemical cell, and a portable polarization system. A 

number of cells were constructed, and one design qualified for field usage^. 

Measurements in the field (operating reactor sites) often involve irregular 

shaped components and locations where space is limited. Also, during shop 

fabrication it may be necessary to obtain EPR measurements on the inside of a 

pipe weld heat affected zone (HAZ) or base metal region. The cell had to be 

capable of attachment to the outside or inside of a pipe (or other type 

component), contain the counter and reference electrodes, and contain the 

electrolyte without leakage. Consequently, a small cell, 1.27-cm(0.5-in.) in 

diameter by 2.5-cm(l-in.) long was constructed from Teflon bar stock (Figure 2). 

The cell contained a pencil type standard calomel reference electrode within 

(Figure 3), and a tubular or coiled platinum wire counter electrode inside the 

cell body. The cell is sealed to the component utilizing an ethylene-propylene 

0-ring, they can be used on pipe inside and outside diameters, and are very 

useful for attaching to flat geometries.

The performance of EPR testing in the field using conventional polarization 

equipment was considered difficult. Therefore, a portable system was designed 

and the first unit fabricated by subcontract to an outside vendor.** The instru

ment (InstruSpec Model WC-5) shown in Figure 4 was semiautomatic, in that, once

*Trade name for Acme Chemical Company product.

**InstruSpec, Inc., P.0. Box 5343, Walnut Creek, CA 94596.
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the desired passivation potential was set, the entire EPR operation was activated 

by depressing the MODE button to AUTO. The procedure consisted of a 2-minute 

passivation at +200 mV, reactivation at 6 or 3 V/h back to the rest potential 

(or current less than 10 yA), after which the instrument terminated the scan. 

During the reactivation the integrated charge density "Q" was displayed on the 

digital voltmeter, and was recorded using an X-Y or proportional recorder 

connected to the amplifier within the instrument. The instrument also contained 

lights to indicate that integration had commenced, and had been terminated. In 

the event the test specimen did not passivate after 2 minutes (current less than 

10 yA), time was extended up to 5 minutes, after which a MALFUNCTION light 

indicated a test problem requiring operator attention. Before testing, the 

open-circuit potential should be displayed by depressing the MODE button to Ec. 

Should this potential not be within the desired range, the specimen could be 

cathodically charged at -600 mV for any time period by depressing the MODE button 

to the CLEAN position.

The field test technique consisted of polishing a spot where the measurement is 

to be taken using a hand-held tool. After polishing, stop-off lacquer is then 

applied, leaving a small opening, 3.2 x 6.4 mm (0.125-in. x 0.250-in.) where 

the actual measurement is to be obtained. This masking operation is necessary 

to prevent crevice corrosion which can occur under the 0-ring seal used on 

the field cells. The cell is then attached over the spot (working electrode), 

deaerated electrolyte injected to fill the cell cavity, the electrical connec

tions made to the counter electrode (platinum coiled wire), the standard calomel

reference electrode is inserted into the electrolyte cavity of the cell, and
7 8an EPR measurement conducted ' . After this is obtained, the measured area is 

determined, and the final charge density value (Pa, C/cm2) calculated. The 

grain boundary area is calculated using an equation previously developed, after 

determining the grain size in the etched area. The grain size is obtained using 

a portable microscope (Figure 5), by means of which the microstructure can be 

photographed for documentation.

IGSCC Tests

Intergranular stress corrosion cracking tests were conducted for IGSCC suscepti

bility using the Constant Extension Rate Test (CERT) technique^. In this test, 

the uniaxial tensile samples are slowly strained to failure at a controlled rate 

(4 x 10_5/min) in 288°C high-purity (0.07 yS) water containing 8 mg/1 dissolved
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oxygen. The samples were flat (semi-curvilinear), uniaxial tensile-types, 

nominally 5.72-cm (2.25-in.) long, with a 1.9-cm (0.75-in.) long gage section.

The gage section dimensions were 2.5 mm (0.100-in.) thick and 3.2 mm (0.125-in.) 

wide. Samples from the welded pipes contained the root side of the weld in the 

center of the gage section (Figure 6)®. Susceptible materials reveal shorter 

failure times, lower breaking stresses, and lower reduction-in-area values 

compared to similar tests performed in air or inert gas. Also, the failure mode 

is documented by scanning electron microscope and metallographic examinations of 

the fracture samples. Often, this latter observation is the only means to assess 

the severity of cracking, especially for welded samples. The weld bead restraint 

of the small uniaxial tensile samples frequently prevent gross changes in the 

mechanical properties after testing. Hence, the severity of stress corrosion 

is best judged by noting the extent of cracking on the fracture surface, partic

ularly when multiple initiation sites are present, which is generally the case 

in variable structures 1' weld heat-affected zones.

The CERT test is very severe and does not usually represent a duty service of 

industrial interest. However, this extreme case was used in the investigation 

to maximize correlation between sensitization and IGSCC testing. In application 

of these tests in industrial practice, the type correlation performed in this 

study would have to be undertaken in test environments of industrial interest.

The PTL is a relatively new test facility in which full size (up to 70-cir long) 

pipe sections are hydraulicly loaded in tension, and the test media is circulated 

through the pipe samples. The 10-cm, Schedule 80 pipes contain up to 12 welds 

per section, and are tested using 288°C water containing up to 8 ppm dissolved 

oxygen. The applied loads are varied, depending on the requirements of the test, 

and are cycled zero-to-tension at the rate of 0.7 cycles per hour^. After 
testing, the pipe sections are destructively examined to assess and document the 
mode of failure, if any.

RESULTS

Portable Equipment Qualification

Typical EPR curves are shown in Figure 7 comparing the external outside cell 

measurements to conventional laboratory inside and outside values. There was 

good agreement in the curves generated by both the external cell and conventional 

laboratory samples, an indication that the field cell would measure degree of
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sensitization nondestructive^. Both values showed lower degrees of sensitiza

tion on the outside compared to the inside, which is generally the case, and was
5

in good agreement with earlier studies . Additional qualification of the 

miniaturized cell was accomplished by EPR testing the surfaces of mounted and 

polished samples which were already tested by the conventional laboratory method. 

The samples were from the first seven heats in Table 1, and were furnace 

sensitized at 650°C for 15 min. followed by air cooling.

These results are given in Table 4 in which there was good agreement between 

the two measuremnt methods. The Pa values are not exact, which reflects normal 

variation between multiple measurements, especially when the samples are 

repolished to expose a different surface.

The portable EPR instrument was qualified by obtaining duplicate measurements 

on four sensitized samples, and then comparing these values to those obtained 

for the same samples using the conventional (Hokuto-Denko) laboratory polariza

tion system. These results are given in Table 5 where the excellent agreement 

between the two instruments is evident.

Table 4

EPR RESULTS COMPARING MINIATURIZED FIELD CELL TO 
LABORATORY MEASUREMENTS FOR FURNACE SENSITIZED 

(650°C/15 min) AISI-304 PIPING SAMPLES

(0.5 M H2S04 + 0.01 M KSCN at 30°C)

Charge Density, Pa (C/cm^)

Heat Field Cell Laboratory Cell
M7616 13.4 14.9
M7772 10.1 8.6
454659 8.4 7.3
2P6396 5.0 4.4
TH6656 3.9 2.6
834264 2.9 2.0
2P6424 0.6 0.3
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Table 5

RESULTS OF QUALIFICATION TESTS FOR EPR PORTABLE POLARIZATION 
SYSTEM USING SENSITIZED AISI-304 STAINLESS STEEL (Q, COULOMBS, 

VALUES DETERMINED IN 0.5 M H2S04 + 0.01 M KSCN AT 30°C)

Sample
A
B
C
D

Hokuto-Denko
1

1.1 1 . 1
0.8 0.8
0.7 0.7
0.7 0.6

Model WC-5
1 2

1.1 1.0
0.8 0.7
0.7 0.7
0.6 0.6

Evaluation of Piping

The results of EPR and CERT tests for eight heats of AISI-304 stainless steel 

are given in Table 6. Six heats revealed IGSCC susceptibility in the severe 

8 mg/1 dissolved oxygen test, but only three heats were susceptible in the 
0.1-0.3 mg/1 oxygen test.

Table 6

CERT AND EPR TEST RESULTS FOR WELDED PIPE SAMPLES 3

Heat ^ cm )

M7616 32.9
834264 20.6
2P6424 16.9
M7772 16.3
2P6396 13.2
TH6656 5.0
454659 1.5
482038 0.4

3 0.5 M H2S04 + 0.01 M KSCN at 30°C. 

k 288°C water - e = 4 x 10-^/min.

IGSCC Susceptible5_________

8 ppm Og 0.1-0.3 ppm Og

yes yes
yes yes
yes yes
yes no
yes no

Marginal no
no no
nc no
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The pipe test (PTL) results for eleven heats of AISI-304 and ten heats of 

AISI-304L (not listed in Table 1) are given in Table 7.

Eight of the AISI-304 materials with inside Pa values greater than 12 C/cm

experienced IGSCC in the pipe test. One heat (454970) with a Pa = 5.2 C/cm2

was considered marginally susceptible to IGSCC* as the pipe failed by 1GSCC

initiation, but the bulk of the pipe wall fractured by transgranular propagation11.
2

Two heats of AISI-304 with inside Pa values less than 3 C/cm' did not experience

IGSCC in the times tested (>3,000 and 7,000 hour.), nor did ten heats ofAI$I-304L

stainless steels, all with Pa values less than 2 C/cm (for brievty purposes,

these materials were not included in Tables 1 or 2). The significance of the

failure times given in Table 7 must be assessed after normalization of applied

stresses in relation to the yield strengths; these data are presented elsewhere 
12in these proceedings .

2

Table 7

SENSITIZATION RESULTS FOR 4-IN., SCH. 80 
PIPES TESTED IN G.E. PIPE TEST LAB

(0.7 Cycles Per Hour, Air-Saturated 288°C Water)

Heat
Failure 

Time (h)

Charge Density, Pa 

Base I.D.

(C/cm2)

O.D.

M7616 103 5.1 58.4 15.3
TV002 656 0.5 44.5 26.1
181190 103 0.1 23.6 5.3
435496 1189 1.1 21.2 7.5
497816 112 0.2 17.4 7.2
M0063 381 0.4 13.7 4.7
51416 67 0.1 12.4 4.7

462305 538 <10"3 12.5 3.0
454970 3353* 0.9 5.2 8.8

483562 3258** <10"3 2.8 2.4

455561 > 7933NF <10'3 0.8 1.8

10-Heats*** 7000NF <10'3 < 2 < 1

*IGSCC Initiation - Transgranular Propagation

**Failed by Fatigue

***AISI 304L Stainless Steel (not listed in Table 1)
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APPLICATIONS 

Field Testing

The field test equipment and technique were used in four applications during 

1979. These included the Nine Mile Point (NMP) Nuclear Power Station, the 

Vallecitos Nuclear Center (VNC) core spray facility, the Leckenby Manufacturing 

Company, and the Three Mile Island (TMI) Unit One fuel pool heat exchanger 

piping evaluation (performed at VNC). At the NflP power station, the EPR field 

technique was used successfully to differentiate between furnace sensitized 

and welded piping and/or safe-end components. This was a significant accomplish

ment, due to the difficulties encountered when obtaining measurements in 

relatively inaccessable areas. This work indicated needed equipment modifications 

or additions for future reactor site evaluations (subject of a future 

publication ).

The feedwater lines (15-cm., Schedule 80 seamless pipe) of the VNC core spray

test facility were fabricated from AISI-304L stainless steel. These weldments,

which have operated successfully for many years, were EPR tested in-situ, to

assess the degree of sensitization. All of the weld HAZ's measured revealed
2

Pa values less than 2 C/cm , and these low values were corroborated by the lack 

of discernable intergranular carbide precipitation in the as-tested micro

structures.

At the request of Commonwealth Edison Utility Company, the EPR field equipment 

was taken to the Leckenby Manufacturing Company in Seattle, Washington. Here, 

the fuel storage racks being fabricated for the Zion plant (PWR) in Illinois 

were evaluated for degrees of weld sensitization. The EPR measurements taken 

revealed very low Pa values, which would be expected considering the low carbon 

(< 0.04 ) AISI-304 material used to fabricate these racks.

A segment of heat exchanger piping used in the fuel pool of the TMI Unit 1 power

station was received for evaluation at the request of the NRC. The welded

pipe section was fabricated from a different heat of AISI-304 stainless steel

on each side of the weldment. One heat of material experienced extensive IGSCC

after service (5 years) in which dilute boric acid was circulated through the

pipe; the other heat of material was sound. An EPR evaluation (both laboratory

and field cell measurements) revealed that the cracked pipe was severely
2

sensitized (Pa > 20 C/cm ) in the weld HAZ, while the noncracked pipe Pa values
2

were all below 2 C/cm .
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DISCUSSION

EPR/IGSCC Correlation

The correlation between sensitized and nonsensitized AISI-304 stainless steel

relative to the effects of sensitization on IGSCC resistance were reoorted 
5 6

earlier ’ . There is no question that the EPR test can distinguish between the 

annealed, welded and severely furnace sensitized conditions. However, it is 

often difficult to differentiate between various heats of welded material in 

terms of obtaining the proper ranking for degrees of sensitization compared 

to IGSCC susceptibility. This difficulty results from usual variability in 

the levels of sensitization produced by welding within a single heat of material, 

in addition to heat-to-heat variability. Also, normal scatter in SCC test 

results contribute to the occasional inability to correlate sensitization with 

IGSCC behavior. Nevertheless, it is important to be able to identify the 

exceptionally susceptible heats of AISI-304 stainless steel which possess a 

greater probability for st ess corrosion occurring during service.

Based on the data for the 8 mg/1 CL test a conservative upper limit Pa value 
2 ^

of 2.C C/cm has been specified for all incoming (mill annealed) AISI-304

material used by our manufacturing facilities. At the time this paper was

prepared there had been no limit specified for the welded condition. The

0.1 - 0.3 mg/1 O2 data (Table 6) suggests that the 2 C/cm^ value is too

conservative as only three heats experience IGSCC in this test, and their Pa

values were greater than 16 C/cm^. A review of the pipe test data (Table 7),

again, a severe screening test, would indicate that a preliminary value of 
2

5 C/cm might be reasonable when evaluating the inside of a pipe. All of the 

pipes with Pa values greater than 12 C/cm failed by IGSCC, while those below 

5 C/cn)2 failed by a transgranular or ductile mode. Although the one heat (454970) 

with a Pa * 5.2 C/citT revealed some IGSCC, the time-to-failure (>3000 hr) was quite 

long compared to the other materials, and the extent of IGSCC was much less.

One of the problems in application of the EPR test in the field is that measure

ments must be taken on the outside of the piping, and judgments made relative 

to the inside which is exposed to the coolant. By design, the welding conditions 

are different on the outside compared to the inside (lower heat inputs, less 

interpass temperature effects, etc.) of piping, such that the levels of sensitiz

ation are much lower on the outside. Again, a review of the pipe test data
p

suggests that a Pa value of 2 C/cm (comparable to incoming material) on the
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outside weld HAZ of a pipe might be a conservative number for evaluation 

purposes. None of the eleven heats of AISI-304 with weld HAZ Pa values less 

than 3 C/cm revealed any evidence of IGSCC in these tests. Confidence in 

these outside pipe EPR measurements will be enhanced when a statistical number 

of measurements are eventually obtained for a large number of AISI-304 stainless 

steel heats.

There are other viable techniques for obtaining EPR measurements in the field
14to assess the levels of sensitization on the inside of the pipe . If it is 

necessary to evaluate the inside weld HAZ directly, then trepanning or measure

ment within a drilled hole (about 1/2 wall penetration where sensitization is 

comparable to inside) can be used. These are destructive methods, however, 

and would require weld repair after testing.

Another method consists of stringer welding or spot heating the outer surface 

of the pipe to simulate the heat inputs used on the inside butt weld. These 

outside HAZ can then be EPR tested nondestructively and judgments made relative 

to the expected levels of sensitization on the inside. Before this method 

is used, one must be assured that additional sensitization is not produced 

on the inside of the pipe, or that detrimental levels of residual stress are 

not introduced.

APPLICATION OF THE TECHNIQUE

One of the more significant features of the EPR is the ability to apply the 

technique nondestructively, so that measurements can be obtained on welded 

components in situ. A portable EPR system was developed during this study 

which is fully capable of measuring the degree of sensitization on components 

in the fabrication shop, or already installed in the field. The portable system 

is applicable to measurements on the outside of a pipe (or other component). 

Thus, judgments must be made relative to the expected levels of sensitization 

on the inside based on outside measurements. The validity of these judgments 

may be statistically preclusive, due to frequent large differences in degree of 

sensitization encountered between the inside and outside weld HAZ of stainless 

steels.

Additionally, judgments must be made relative to IGSCC resistance of the compo

nent based entirely on the levels of sensitization measured. However, the 

results of this study suggest the success of these judgments can be enhanced
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by developing a substantial data base which include a large number of heats, 

and a wide spectrum of products. Certainly, because of the noted variability 

in degree of sensitization of stainless steel weldments, qualitative limits 

will have to be placed on the data developed.

It does seem reasonable that welds revealing significantly high levels of 

sensitization can be identified by multiple measurements taken on the outside 

HAZ. Thus, these weldments can be tagged for closer and more frequent 

inspection than they would normally be given during the plant lifetime. For 

example, some heats of AISI-304 stainless steel are exceptionally susceptible 

(the reasons not presently well understood) to sensitization when thermally 

treated, and subsequently are more susceptible than the average to IGSCC in an 

aggressive media. During this program, one of the 10-cm, Schedule 80 heats 

(M7616) of seamless pipe was identified as an exceptionally susceptible material, 

compared to the other heats investigated. This material was easily identified 

both in terms or in.;*-ee of sensitization and IGSCC resistance, by laboratory 

EPR measurements, and by constant extension rate stress corrosion tests (CERT).

Alternatively, nondestructive EPR measurements after welding in the fabrication 

shop would have revealed the high susceptibility of this material before 

installation in service. Hopefully, then, situations could be eliminated such 

as the bypass pipe cracking incident which resulted in a number of plants being 

shut down for inspection and then de-rated temporarily^. IGSCC was detected 

in the 10-cm bypass lines in eight plants, and in five plants, the cracks were 

unique to a single heat of material. Archive pieces of that heat were obtained 

and evaluated by both EPR and IGSCC techniques. This heat was also identified 

as an exceptionally susceptible material, both in terms of degree of sensitiza

tion after welding and IGSCC resistance, and was quite comparable to the heat 
M7616 used in this study.

One of the primary purposes of the EPR technique is to identify those excep

tionally susceptible heats of AISI-304 stainless steel rapidly, to avoid their 

use in applications where resistance to IGSCC after welding is a major criteria. 

Alternatively, the identification of suspect materials already in service can 

lead to inspection programs and orderly remedial procedures, rather than the 

costly plant shutdowns caused by cracking of tubes during operation.

There is undeniably more work that must be carried out before the EPR test can 

be used with confidence in the field. However, the EPR method appears the best
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test for quantitatively measuring degree of sensitization nondestructively in 

the field. Additionally, the EPR results appear to give a better correlation 

with IGSCC behavior, at least in the BWR coolant environment, than any of the 

other tests presently used for detecting sensitization in stainless steels.

SUMMARY

The EPR has proved to be a very useful method for measuring degree of sensi

tization in AISI-304 and -304L stainless steel. (In separate studies, the

EPR technique has been shown to work well on Molybdenum containing grades such
14

as 316 and 316L, if test parameters are adjusted correctly .) Unquestionably, 

the EPR was determined to be the best method available for quantitatively 

detecting the levels of sensitization of interest to the industry (as-received, 

welded, and hard-facing treatments)4 5.

The primary conclusion of this study is that a quantitative degree of sensitiza

tion can be obtained nondestructive^ in AIS1-304 stainless steel usin the EPR 

technique. The technique is applicable to the weld HAZ on the outside of piping 

and can also be used on other shaped components. An electrochemical cell and 

portable polarization system were developed to obtain EPR measurements on 

components in the field. Currently, qualitative limits must be placed on the 

interpretation of the data relative to making judgments regarding the IGSCC 

resistance of a component based entirely on degree of sensitization. Additional 

work is necessary to increase the data base for welded components, and thus 

increase confidence in the use of the EPR technique in *he field.
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Figure 1. Schematic of Reactivation Polarization Curve Showing 
Parameters of Interest for EPRI Testing
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Figure 2. Miniaturized Teflon Cell for Nondestructive EPR 
Measurement
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Figure 3. Miniaturized Cell Shown Attached to Outside of Welded Pipe

21



n



Figure 5. Portable Microscope with 35mm Camera for Documenting EPR
Microstructures in the Field (light source batteries contained 
in base tubes)
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Figure 6
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Schematic of Sectioning Procedures to Prepare Corrosion 
Test Samples from Welded Pipe
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Figure 7. EPR Curves for Welded Type-304 (Heat M7772) Pipe 
in 0.5 M H2SG4 + 0.01 M KSCN at 3000 C Comparing

The External Field Cell Measurements to Conventional 
Laboratory Mounted Samples
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INTRODUCTION

In connection with boiling-water reactor (BWR) applications, it has been

well documented that both weld-sensitized and furnace-sensitized Type 304 stainless

steel exhibit stress-corrosion cracking (SCC) in oxygenated high-temperature

water^ In addition, long term low-temperature sensitization such as might

occur at BWR operating conditions (288 C) appears to increase 5CC susceptibility^10 .̂

Experimental studies have produced SCC in weld sensitized stainless steel at static

and cyclic stresses in excess of the yield strength and in slow strain rate tests.

However, these conditions of plastic strain are unduly severe and it can be argued

that they are not characteristic of BWR operating conditions. Work conducted at

Battelle's Columbus Laboratories in non-nuclear related programs has shown that

small incremental cyclic loading at mean stresses less than 50 percent of yield

strength will produce SCC of line pipe steel in IN NaoC0, - IN NaHCO, solutions
‘ J (151J

providing the cycle is extremely slow say less than once per day . It can be 

expected that similar effects may be operative in BWR applications where small 

cyclic loads also may occur. Accordingly, a portion of EPRI Contract RP 311-3 

carried out at Battelle's Columbus Laboratories has been devoted to an investigation 

of the effect of cyclic loading on the SCC of sensitized Type 304 stainless steel.

EXPERIMENTAL PROCEDURES

Materials

Round bar stock material was used for this study. It was 0.635 cm 

(0.25 inch) diameter Type 304 stainless steel, Universal Cyclops Heat No. G8983.
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The mill certification for the material is given below.

Element Concentration, w/o

C 0.054
Cr 18.73
Ni 8.38
Mn 1.51
Si 0.63
S 0.026
P 0.022
Mo 0.26
Co 0.11
Cu 0.07

Y.S. 418.,5 MPa (60,700 psi)

U.T.S. 732.,9 MPa (106,300 psi)

Elongation [in 5.08 cm (2 in) 48.6 percent] 
Reduction in area, 86 percent 
Hardness Rockwell B 95/97

Specimen Preparation

Round tensile bar specimens were machined from the 0.635 cm diameter 

bar stock. Final dimensions were 12.06 cm (4.75 in) long by 0.475 cm (0.187 in) 

diameter with a gage section of 1.27 cm (0.5 in) long by 0.254 cm (0.10 in) 

diameter.

Heat Treatment

Tensile specimens machined from the round bar stock were given a furnace 

sensitization treatment of 24 hour at 621 C (1150 F) in vacuum prior to test. Any 

tarnish film resulting from the vacuum heat treatment was removed by abrading the 

gage section with 600 grit emery paper prior to test. Tensile tests were performed 

on the sensitized material at several temperatures with the following results.

Temperature, C (F)
93 (200) 288 (550)

Y.S., MPa (Ksi) 304.0 (44.1)
U.T.S., MPa (Ksi) 577.8 (83.H
Elongation, (in 5.03 cm), % 66
Reduction in area, 80

250.3 (36.3) 
489.5 (71.0) 

36 
66
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Apparatus

The cyclic load studies were conducted in all Type 316 stainless steel 

equipment except for the internal bellows seal which was Inconel 625. A sketch of 

the load apparatus is shown in Figure 1 and photographs are shown in Figures 2 and 

3. The head of a 5-liter autoclave was adapted to accomnodate 4 specimens (only 

2 are shown in Figure 1). The tensile load was applied via a lever arm actuated 

by an air cylinder. Solenoid valves delivered air to the cylinders as scheduled 

by a programmed timer.

Two cyclic load schedules were used— both employed trapezoidal loading. 

The two load schedules were:

Long Cycle Short Cycle

Load 5 min 
Hold at load 75 min 
Unload 5 min 
Hold at low load 5 min

5 min 
10 min 
5 min 
10 min.

A refreshed pumping system, shown schematically in Figure 4 was used to maintain 

the desired oxvnen levels in the c'^clic load tests.

Exposure Conditions

The main variables studied were range of maximum loads, load schedule, 

and temperature. The temperature ranged from 93 to 288 C (200 to 550 F) and ail 

tests were in high-purity water containing 8 ppm dissolved oxygen.

Evaluation

SCC was confirmed in all tests by conducting scanning electron micro

scope (SEM) examinations of the fracture surface for intergranular or trans- 

granular fracture, and metallographic examinations of longitudinal cross sections 

of one-half of the broken gage section for number, depth, and nature of secondary 

cracks.
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FIGURE 1. CYCLIC-LOAD STRESS-CORROSION CRACKING APPARATUS
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FIGURE 2. HEAD FOR CYCLIC-LOAD TEST CELLS 

(Note four load cylinders)
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RESULTS

Temperature Dependency

The temperature dependency cyclic load tests were conducted with the 

90 minute load cycle (5 min load, 75 min at load, 5 min unload, 5 min no load) and 

nominally at 4 different maximum loads as indicated below:

Fraction of Yield Strength

Hiqh Load Low Load

1.2 0.1
1.35 0.1
1.5 0.1
1.7 0.1.

A series of tests was run in water containing 8 ppm oxygen at 93, 121,

190, and 288 C. Results are presented in Table 1. Note that no failures occurred 

at 93 and 121 C, but an intergranular fracture was observed for the 1.34 YS max 

load specimen (4a) at 190 C. Unfortunately, several specimens in this sequence 

failed in a ductile manner by overload when rested near their ultimate strength 

at the test temperature.

SEM photographs of the fracture surface of specimen 4a are shown in 

Figure 5. Note the intergranular fracture typical of intergranular stress-corrosion 

cracking (IGSCC). Fracture surfaces on all the other specimens in the 93, 121, and 

190 C cyclic load tests exhibited dimpled structures typical of ductile overload 

fractures. (The specimens from the 93 C test were pulled to tensile failure after 

test to determine whether incipient IGSCC could be detected on the fracture surface).

Intergranular fracture occurred on all specimens cyclically tested at 

288 C. Note that the maximum stress loadings ranged from 1.12 to 1.46 YS. Failures 

occurred within 237 cycles, but the specimen with the highest maximum load did not 

fail first. The reason for this behavior appears to be related to whether more 

than one large stress-corrosion crack initiates in the plane of the ultimate 

fracture. The specimens shown in Figures 6 and 7, exhibit more than one stress- 
corrosion crack on the fracture surface and were among those with short time 

to failure.

Effect of Maximum Load

The effect of the level of the maximum load applied during cyclic 

loading was studied for the 90 minute cycle (5 min load, 75 min at load, 5 min

-8-
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FIGURE 5

iV

SEM PHOTOGRAPH OF FRACTURE SURFACE OF SPECIMEN 4a 
CYCLICALLY LOADED TO 1.34 YIELD STRENGTH MAXIMUM 
LOAD IN 190 C-8 ppm OXYGEN WATER

Note the intergranular stress-corrosion cracking 
portion of the fracture surface.
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FIGURE 6. SEM PHOTOGRAPHS OF FRACTURE SURFACES OF SPECIMENS 
CYCLICALLY LOADED IN 288 C-8 ppm OXYGEN WATER

Note the two large areas of stress-corrosion cracking 
(intergranular attack) on both fractures.
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7a. Specimen 5a (1.12 Yield)

7b. Specimen 5d (1.46 Yield)

FIGURE 7. SEM PHOTOGRAPHS OF FRACTURE SURFACES OF SPECIMENS 
CYCLICALLY LOADED IN 288 C-8 ppm OXYGEN WATER

Note smaller and fewer stress-corrosion cracks 
(intergranular attack) than on the fracture 
surface shown in Figure 6.
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unload, and 5 min no load). Maximum load levels ranged from 0.7 to 1.46 YS. 

Environmental conditions were 8 ppm oxygen at 288 C.

The results for these tests are presented in Table 2. Note that IGSCC 

was observed in all specimens except the one loaded to 1.0 YS at high load. The 

0.7 YS maximum load specimen did not break in two during test. When the autoclave 

was opened to remove specimen 7c (0.84 YS) that failed after 736 cycles, a small 

crack was observed on the adjacent specimen 7d (0.7 YS). The specimen was then 

pulled to failure in ambient air. Subsequent examination revealed IGSCC on the 

fracture surface. SEM photographs of this area are shown in Figure 8.

Effect of Small Load Increment

The study on the effect of small load increments during cyclic loading 

was conducted with cycles of only 0.1 YS increments as shown below.

Fraction of Yield Strength
Low Load High Load

0.5 0.6
0.6 0.7
0.7 0.8
0.8 0.9

The trapezoidal load was applied in 90 minutes in 8 ppm oxygen water at 

288 C. Results are presented in Table 3. Note that IGSCC occurred at the lowest 

and highest load cycles, namely, 0.5 to 0.6 YS (9a-l) and 0.8 to 0.9 YS (9d-l).

SEM photographs of the fracture surfaces on these specimens are shown in Figures 9 

and 10. Note the extensive intergranular SCC.

The broken specimens were removed from test at 720 hours and were 

replaced with new sensitized stainless steel tensile specimens. As shown in 

Table 3, these duplicate specimens failed by IGSCC even sooner than the originals 

with the 0.5 to 0.6 YS specimen (9a-2) failing after 64 cycles and the 0.8 to 0.9 

YS specimen (9d-2) failing after 80 cycles.

The test was terminated after 1200 hours total exposure (800 cycles) and 

the unbroken 0.6 to 0.7 YS and 0.7 to 0.8 YS specimens were pulled to tensile failure 

in air at ambient temperature. The resulting fracture surfaces were examined in 

the SEM, but no intergranular indications were observed.

Thus, the results appear to be conflicting since only the low and high 

load specimens failed by IGSCC. This effect may be related to strain rate as will 

be discussed in more detail under Discussion later in the report.

-13-
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FIGURE 8 SEM PHOTOGRAPH OF FRACTURE SURFACE ON SPECIMEN 7d 
AFTER IT WAS PULLED TO TENSILE FAILURE
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TABLE 3. SMALL LOAD INCREMENT CYCLIC STRESS CORROSION CRACKING RESULTS 
FOR SENSITIZED TYPE 304 STAINLESS STEEL IN 288 C - 8  ppm 
OXYGEN WATER

Specimen
Number

Load
Yield
Low

Ratio to 
Stress 

High

Time to 
Failure, 

hours

Cycles
to

Failure
Max. Depth 
IGSCC, mm^1)

9a-l 0.5 0 . 6 264 176 1.32

9a-2 0.5 0 . 6 96 64 1.37

9b-1 0 . 6 0.7 > 1 2 0 0 >800 None ̂

9c-1 0.7 0 . 8 > 1 2 0 0 >800 None(2)
9d-l 0 . 8 0.9 720 480 1.09

9d-2 0 . 8 0.9 1 2 0 80 1.40

(1) As measured on fracture surface.
(2) Specimen pulled to failure after test.
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FIGURE 9. SEM PHOTOGRAPH OF THE FRACTURE SURFACE OF SPECIMEN 
9a-l THAT FRACTURED AFTER 176 CYCLES OF LOADING 
BETWEEN 0.5 AND 0.6 YS IN 288 C-8 ppm OXYGEN WATER

(Note the deep IGSCC).
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FIGURE 10. SEM PHOTOGRAPH OK THE FRACTURE SURFACE OF SPECIMEN 
9c!-l THAT FRACTURED AFTER 480 CYCLES OF LOADING 
BETWEEN 0.8 AND 0.9 YS IN 288 C-8 ppm OXYGEN WATER

(Note the deep IGSCC).
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Effect of Load Cycle

Tests also were conducted to study the effect of a shorter load cycle on 

CC. The schedule of the load cycle was changed as follows:

Load to Maximum 
Hold at load 
Unload
Hold at low load

5 minutes 
10 minutes 
5 minutes 

10 minutes.

The results of the shorter cycle test are presented in Table 4. Note 

:hat only one specimen (8d-l, 0.1 to 1.0 YS) failed during test. This occurred 

ifter 1008 cycles (504 hours), but the companion specimen (8d-2) did not fail.

Replacement specimens were then inserted into the autoclave and the 

:ests were continued an additional 3696 cycles with no additional failures. After 

:est, all specimens (including 8d-2) were pulled to failure at ambient conditions. 

JEM examination of the fracture surfaces revealed ductile fracture on all specimens 

ixcept 8a-l. The latter exhibited a small intergranular stress-corrosion crack 

that apparently had nut yet propagated deep enough to cause fracture.

Thus the paucity of cracking and the long exposure time for those that 

iid crack, indicate tnat the shorter cycle did not produce IGSCC as readily as the 

longer cycle used in all prior studies.

DISCUSSION

The results of the study have shown that heavily sensitized Type 304 

stainless steel exhibits SCC in oxygenated water (8 ppm oxygen) under cyclic load 

conditions (trapezoidal loading 5 min up, 75 min at load, 5 min down, 5 min low 

load) at temperatures >190 C in 8 ppm oxygen water at maximum loads in excess of 

the yield strength of the materials. IGSCC also was observed on shorter loading 

cycles (5 min up, 10 min at load, 5 min down, and 5 min at low load) in 288 C- 

8 ppm oxygen water, but not to the extent nor so soon as in the longer cycle. This 

suggests that the longer hold time at maximum load allows corrosion to make a 
greater contribution to the SCC process.

Of particular interest was extensive cracking observed below the yield 

strength, particularly in the ±0.05 YS cyclic load about 0.55, 0.65, 0.75, and 0.85 

YS mean loads. The latter occurred under supposedly elastic strain, although this 

is questionable in light of the stress-strain curves obtained for the sensitized

-19-



t a b u : u . ef f e c t of sh o r t e n e d cycle on cy c l i c str ess c o r r o s i o n
CRACKING RESULTS FOR SENSITIZED TYPE 304 STAINLESS 
STEEL IN 288 C, 8 ppm OXYGEN WATER (5 minute load,
10 minute at load, 5 minute unload, 10 minute no load)

Specimen
Number

Load Ratio to 
Yield Stress
High Low

T ime to 
Failure,

hours
Cycles to 
Failure

Max. Depth 
IGSCC, mm(D

8a - 1 0.7 0 . 1 ■^2688 '*5376 0 .2 0 (2)

8a - 2 0.7 0 . 1 "*2 6 88 "-5 T76 v <2 >None

8b - 1 0 . 8 0 . 1 ^2688 '•5376 None^2)

8b - 2 0 . 8 0 . 1 ^ 2 6 88 '•5376 None ^

8c- 1 0.9 0 . 1 •2688 -5376 None ̂ 2 ̂

8c - 2 0.9 0 . 1 ^2688 '5376 None^2)

8d - 1 1 . 0 0 . 1 504 1008 1.27

8d - 2 1 . 0 0 . 1 504 ’.008 None(2)
8d- 3 1 . 0 0 . 1 ''1846 '>3696 None^2 5

8 8 - 4 ^ 1 . 0 0 . 1 '*1846 '•3696 None^2)

(1) As measured on fracture surface.
(2) Specimen pulled to failure after test.
(3) Reruns started at 1008 cycles (504 hours).
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Type 304 stainless steel. The latter are shown 1n Figure 11. Note that the 

stress-strain curve at 93 C was essentially a straight line up to the proportional 

limit. However, the stress-strain curve at 288 C followed a straight line only for 

a small Increment of loading. Thus, the 0.2 percent offset yield strength obtained 

from the parallel to the straight line portion of the curve resulted 1n much of the 

load below the yield strength corresponding to an Increasing strain rate. Thus, 

during the 5-minute load cycle, the low loads corresponded to low strain rates and 

higher loads to high strain rates.

The variation in strain rates calculated for the 5-minute portion only 

of the load cycle is shown in Figure 12 and 13 for the load sequences studied in 

this program. Note that the 0.5 to 0.6 YS load cycle corresponded to a strain 

rate of *10"® sec”* at 288 C. Low strain rates approaching 10"^ sec'* appear to 

increase IGSCC under these conditions'1^  and thus can account for the high degree 

of IGSCC susceptibility with 0.5 to 0.6 YS load cycles.

Similarly the 0.6 to 0.7 YS and 0.7 to 0.8 YS load cycles resulted in 

faster strain rates >10"® sec'1 and could account for the absence of cracking under 

these loading conditions. However, the 0.8 to 0.9 YS load cycle represented an 

even faster strain rate but produced IGSCC. It is quite probable that plastic 

strain (see Figure 11) played a role in the failure of these specimens, and the 

critical slow strain rate range occurred as the result of creep exhaustion plus 

establishing a new yield strength after initial plastic yielding.

A similar explanation can be offered for the failure of the specimens

cyclically loaded between 0.1 and >YS where all calculated strain rates based on
-5 -1the initial 5 minute ldading were >10 sec .

On the basis that cracks grew only during the 5 minute load portion of 

the trapezoidal load cycle, crack propagation rates have been calculated for a 

number of the specimens. These are presented in Table 5. Note that the crack 

propagation rate for a slow strain rate test specimen in 288 C-8 ppm oxygen water 

was *6.3 x 10"® mm/sec or very similar to the 10"® mm/sec value reported by 

Staehle et al, under similar conditions^. It is interesting to note that the 

highest crack propagation rates of 5.8 x 10'5 and 7.2 x 10'® mm/sec were obtained 

for those specimens cycled 0.1 YS with maximum loads below the yield (0.8 to 0.9 

YS and 0.5 to 0.6 YS, respectively).

Thus, the results reveal that cyclic loading can produce severe IGSCC at 

loads less than yield strength. The high susceptiblity appears to be related to 

the slow strain rate imposed during loading. The explanation for failure during 

cycling at greater than yield appears to be more complicated and is probably real ted 

to critical strain rates during creep exhaustion in early cycles followed by elastic 

straining when the new yield strengths >re established after the initial plastic 
straining.
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FIGURE 11. STRESS STRAIN CURVE FOR SENSITIZED TYPE 
304 STAINLESS STEEL BAR STOCK SPECIMEN
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FIGURE 12. CALCULATED STRAIN RATES FOR THE 5 MINUTES OF 
LOADING IN THE ±0.05 YS INCREMENTAL LO.iD TESTS

-23-



St
ra

in
 R

ot
e,

 s
ec

Tem perature , C

FIGURE 13. CALCULATED STRAIN RATES FOR THE 5 MINUTES OF 
LOADING IN THE 0.1 YS TO MAXIMUM LOAD TESTS

-24-



TABLE 5. CRACK PROPAGATION RATES CALCULATED FROM
THE DEEPEST CRACK ON THE FRACTURE SURFACE 
AND THE INTEGRATED TOTAL TIME OF INCREASING 
LOAD (STRAIN)

Specimen
No.

Load Ratio 
to Yield Strength 
Low High

Time to
Test
Time

Fracture, Hr 
Strain 
Time

Depth
of

Deepest
Crack,

mm

Crack
Propagation 

Rate, 
mm/sec

40 Continuous n  \ 18.3 18.3 0.42 6.3 x 10- 6
Straining

9a-l 0.5 0 . 6 264 14.7 1.32 25 x 10~ 6
9a-2 0.5 0 . 6 96 5.3 1.37 72 x 10~ 6
9d-l 0 . 8 0.9 720 40.0 1.09 7.6 x 10- 6
9d-2 0 . 8 0.9 1 2 0 6.7 1.40 58 x 10- 6

7d 0.1 0.7 1004 55.8 0.34 1.7 x 10- 6
8a-l 0.1 0.7 2688 149.3 0 . 2 0 0.37 x 10- 6
8d-l 0.1 1.0 504 84.0 1.27 4.1 x 10- 6
7c 0.1 1.0 1004 55.8 0.87 4.3 x 10~ 6

7a 0.1 1 . 1 2 240 13.3 1.29 27 x 10- 6
5a 0.1 1 . 1 2 356 19.8 0.75 1 1  x 1 0 - 6
5b 0.1 1.26 267 14.8 0.96 18 x 1 0 - 6
5c 0.1 1.39 267 14.8 0.71 13 x 1 0 - 6
5d 0.1 1.46 329 18.3 0.80 1 2  x 1 0 " 6

(1) Slow strain rate test at 4 x 10-s sec-1.
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A METHOD FOR MONITORING CRACK GROWTH FROM FLAWS 
IN PIPING AND OTHER COMPONENTS

W. R. Catlin, H. M. Morgan, D. C. Lord and L. F. Coffin 
General Electric Company, Schenectady, New York

ABSTRACT

A status report on a program to evaluate predefected component performance in 

oxygenated high temperature water is presented. Defects more severe than 

natural defects introduced by primary processing and fabrication are to be 

monitored for crack growth during component testing and the results compared 

with life prediction procedures. Evaluation of various crack growth measurement 

procedures are discussed. A crack growth monitoring technique using reversed 

DC electric potential measurement and its implementation by a microprocessor 

controlled readout system are described. Plans for implementing the technique 

into the General Electric Co.'s Pipe Test Laboratory are reviewed.

INTRODUCTION

The reliable performance of nuclear structural components throughout their 

service life is a prime objective of the manufacturer of nuclear systems.

This objective is also consistent with the design philosophy of the ASME Boiler 

and Pressure Vessel Code, Section III. Here a set of stress categories, 

strength theories and stress limits are defined and calculation procedures 

established for component life prediction. Thus the basic approach to the 

prediction of service life is one of "design by analysis," where stress analysis 

plays a prominent role in the design of reactor components.

Integrated into this design approach is a set of fatigue design curves for 

determining the fatigue resistance of specific materials. These curves are 

based primarily on strain controlled laboratory fatigue tests of small polished 

specimens performed mostly in room temperature air. A best-fit curve to the 

experimental data is obtained, from which the design curves are constructed by 

applying a factor of two on stress (actually pseudostress) or twenty on fatigue 

life, whichever is more conservative. These factors were intended to cover such 

effects as environment, size effect, and scatter of data, so as to allow the 

application of the fatigue information to realistic service conditions.
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While these design procedures have, for the most part worked quite successfully, 

there are some potential concerns with the methodology in some specific appli

cations. One concern pertains to the role of environment and more specifically 

oxygenated high temperature water in life prediction methodology. The Code 

provides no guidance on environmental effects considering the problem as one to 

be treated by the designer. As an example of this concern laboratory fatigue 

data obtained in BWR water environments appears adequate for 304 stainless steel 

in the solution treated state, whereas in the furnace sensitized condition this 

material was found to fail much sooner than anticipated, giving failure lives 

about equal to the expected design life. The present meeting on BWR piping is 

directly aimed at this concern.

A second potential concern can be directed towards the adequacy of the design in 

the presence of defects. Defects in structures arise from three sources:

(a) from flaws such as seams, overlaps and inclusions in the primary processing 

of the material which escape detection, (b) flaws due to geometry effects, 

segregation and voids in welding during fabrication, and (c) flaws that are 

formed in service due to an unanticipated material/environment/stress condition 

or to unexpected loading such as crazing from thermal striping. While defects 

introduced by welding are accounted for by Code procedures, the interaction of 

these defects with environments such as oxygenated high temperature water is not 

accounted for. Recent experience with welded carbon steel piping subjected to 

severe cyclic overloads in 8ppm oxygen high temperature water in the General 

Electric Co.'s Pipe Testing Laboratory at San Jose has indicated a life re

duction and pronounced notch sensitivity when compared to similar tests 

conducted in air at the same temperature. Fig. 1 shows a crack associated with 

a welded root notch in one such test.^

A third potential concern is directed toward the "design by analysis" concept 

itself, and particularly whether the methodology involving stress analysis, 

stress rules and information from small specimen fatigue tests is too large an 

extrapolation to adequately predict the performance of full scale structures 

without involving an intermediate step involving life prediction studies and 

methodology verification on fractional size components under simulated service 

conditions. An example of component testing is G.E.'s Pipe Testing Laboratory 

in which various pipe configurations fabricated with a variety of structural 

material and welding processes are being examined for their fatigue resistance 

in oxygenated hign temperature water.
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The present paper is directed to component testing and to some consents on a 

specific philosophy for performing such tests and analyzing data derived there

from. In particlar the paper gives a progress report on a program underway at 

the authors' laboratory to develop this philosophy into actual component tests 

involving service simulation using GE's Pipe Testing Laboratory. This program 

is partially supported with EPRI funding under Contract RP1Z48-1.

COMPONENT TESTING PHILOSOPHY

Four specific statements sumnarize the philosphy behind the component testing 

program presented in this paper. These are:

(a) It is necessary to investigate the component's life by the introduction 
of controlled defects at critical regtons of interest in the component 

and to monitor the growth of cracks from these defects.

(b) The component should be subjected to mechanical, thermal, and 

environmental conditions to approximate actual service conditions 

and the growth of cracks from these defects monitored.

(c) Crack growth so obtained should be compared to predicted crack growth 

based on analytical procedures combined with material data and 

criteria used in the actual design, thus providing a basis for cali

brating design procedures.

(d) Loading periods approaching those used in service should be applied 

and crack growth data obtained in reasonable testing time should be 

extrapolated to estimate service life.

Each of these statements will now be considered further.

The introduction of a defect to serve as the failure initiation site in the com

ponent is the key to the whole approach. Experience in the pipe tests on carbon 

steel ̂  in oxygenated high temperature water has shown that cracks initiate on 

sites of severe strain concentration, primarily those introduced by the weld 

bead or by weld preparation. These strain concentrations are random, and thus 

a large scatter will result when several presumably identical tests are run. 

Consequently it will be extremely difficult to determine, within reasonable time 

periods and cost, the effect of important test parameters on failure. There are 

a number of these test parameters which are of great interest in the evaluation 

of life prediction. In the case of piping, they include pipe size, weld pro

cessing methods, piping materials, water chemistry, stress levels, hold times, 

wave shapes, etc. Without a controlled test, the development of information 

on the effect of these parameters would be next to impossible.
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The controlling defect -an take on several forms. As will be seen later, the 

preferred form for ine present work is a semi-circular thumb nail crack located 

in critical sections on the ID surface of the pipe where it is exposed to the 

coolant. However, shallow circumferential slits or shallow notches are also 

possible provided adequate monitoring techniques for initiation and growth of 
cracks from these defects is available.

Relative to item (b) above, the component should be so designed that service 

simulation can be introduced. A pipe is a particularly attractive component for 

this purpose since internal pressure and external axial loading are fairly easily 

applied. Transient and sustained thermal, chemical and mechanical conditions are 

important features to be introduced into the experiment. A central feature of the 

approach is the ability to detect the occurrence of cracks and to measure their 

growth during the course of cyclic operation. Further, these measurements must 

be made with sufficient sensitivity and stability to give accurate measurements 

of crack length over periods of time approaching those of interest in the 

service application. Discussions of our work to achieve these objectives are 

given below.

In regard to item (c) above, an analytical effort is needed to determine the 

transient and steady state stress and strain history, as well as the thermal 

history. Further, a predictive methodology and material data base must exist to 

allow determinations of the expected life for crack initiation as well as the 

expected crack growth rates as obtained from the analysis for direct comparison 

with the measurements. Further discussion of these procedures is beyond the 
purpose of the present work.

Finally, in (d), it would be highly desirable to have sufficient sensitivity and 

accuracy in the crack growth methodology to obtain in a relatively few cycles, 

sufficient data to allow extrapolation of the crack growth to a size sufficient 

to compromise the performance of the component. Additionally, an indication of 

component cracking is also desirable relatively early in the course of a test with

out requiring leakage or fracture to determine life. These highly attractive 

goals await confirmation that such a crack growth measurement technique can be 

developed.

APPROACH

The procedure followed in the present investigation is to develop the concept for 

application to carbon steel piping to be tested in the Pipe Test Laboratory in 

San Jose. EPRI Contract RP1248-1 is structured to include the development of a
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e test facility for programmed temperature, loads and dissolved oxygen during 

est. This facility is nearing completion.^

.currently, techniques to introduce controlled defects into the ID surface of 

diameter pipes and to develop suitable crack growth methods for measuring 

ick initiation and growth are underway at General Electric's Research and 

'elopment Center in Scnenectaday, New York. The method sek.-ed for use in 

! electrical potential technique. Steps in the development of this technique
i •

(1) Preliminary investigation of both AC and DC electrical potential 

techniques for sensitivity, stability and general suitablility for 

this application.

(2) Development of techr-'ques to introduce the method (including defect 

preparation and probe attachments) to the inside of a 4" pipe.

(3) Following selection of the optimum technique, demonstration of the 

method under simple laboratory conditions.

(4) Extension of the measurement technique to simple specimen applications 

in oxygenated high temperature water.

(5) Extension of the measurement technique to a four-inch pipe with 

multiple internal defects cyclically loaded at room temperature in 

air.

(6) Transfer of the technique to the Pipe Testing Laboratory for applica

tion to severe simulated loading conditions.

the time of writing of this paper (October 1979), one experiment which ade- 

itely fulfills item (3) above has been demonstrated, although analysis of the 

>t has not been completed.

STATUS OF THE PROGRAM

tential Analysis

e of the first steps taken in applying the electrical potential crack growth 

proach was the development of an analytical solution for the potential produced 

any probe pair across a given defect geometry. Using a fluid flow analogy 

r incompressible uni-directional flow around on ellipsoidal cavity, Dr. Glen 

e of the Research and Development Center developed the potential solution for 

e configuration shown in Figure 2. This solution is not in closed form in the 

neral case since it involves elliptical integrals of the third kind. However 

has been suitably programmed and gives the potential at any surface coordinate 

int X,Y (Z=0), for the ellipsoidal cavity of dimensions a,b, and c in a semi
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infinite solid (Figure 2). Of special interest is the case of an elliptical or 

part-through crack where a=o, and further, for a planar crack where a=o, c-*», 

for probes located along the y axis. The solution is of particular use for DC 

current flow problems.

The solution has been used extensively in our laboratory. For example, 

Ganqloff^ has applied the analysis to the prediction of crack growth in a 

uni-axially loaded, cyclically strained, hour glass shaped low-cycle specimen 

with a surface transverse defect. Figure 3 shows the relation of the potential 

(expressed here as a normalized potential or the ratio of total potential for 

a given crack depth to the potential for the untested defect) to the actual 

crack depth change obtained after completion of the test. Thedashed line is the 

analytical prediction. The fit is extremely good.

A variety of potential calculations can be made, depending on the defect geome

try. For the present interest, a narrow, elliptical or part-through crack is 

assumed (a-o). In Figure 4 is shown the normalized potential vs. normal

ized crack growth b/b^ where i refers to the untested conditions, for several 

probe positions along the x axis. Here it is shown that the sensitivity of the 

electric potential method depends strongly on probe position and that it is 

highly desirable to locate the probe pairs as close to the defect as possible 

for maximum sensitivity. In another calculation, where normalized potential is 

again related to normalized crack growth, the effect of the elliptical crack 

shape is shown, Figure 5. Here a fixed probe pair position is selected to be 

one tenth of the initial crack width (again a=o). Note now that the normalized 

potential is quite insensitive to the crack shape, until the crack becomes very 

narrow. When b.-K>, the potential approaches that of an uncracked plate.

Other defect geometries can similarly be evaluated for their potential drop.

In tne case of a planar notch, c-*» in Figure 2, while for a narrow, but finite 
slit, a « b  and c-«>. Further adjustments can be made as demonstrated by 

Gangloff^.

The sensitivity of the method also depends on the selected current. For DC 

situations it is desirable to use as high a current as is practical. The sensi

tivity is also increased as the material resistivity increases.

AC VS. DC ELECTRIC POTENTIAL COMPARISONS

Step 1 in our approach to the problem has involved a thorough investigation of 

the proper procedure for applying the electric potential methods. This method 

was chosen in the first place because of its suitabil’ty in detecting crack
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"owth for geometries where physical displacements are very small, for applica- 

ion to oxygenated high temperature water and for ease in extending the method

3 multiple probe measurements in a single experiment. As indicated earlier 

3th the AC and DC electric potential method have been investigated. Each has 

ts particular application. The AC method is attractive because of ease in 

nplification of the potential signal and possible elimination of any induced 

lectrochemical influences. A particular feature of the AC method is the so

il led skin effect whereby the current tends to concentrate at the surface, 

spending on the frequency of the current and the magnetic characteristics of 

ie material. Even at frequencies as low as 8Hz the effect can be observed.

hree specific characteristics of the AC method have discouraged us from apply- 

fig it to this application. One is the skin-effect problem in a pipe geometry, 

or AC current flow along the pipe axis, the current tends to concentrate at the 

jtside surface, while the current on the ID surface is reduced depending on the 

requency. The normal frequency employed is 85 Hz and for this frequency in 

arbon steel the loss in sensitivity on the ID surface, the region of greatest 

nterest, is severe. A second difficulty with the AC method has arisen from 

he inductive changes on the probe leads due to small mechanical motions of these 

eads. This is viewed to be a serious concern when undertaking long term 

xperiments where motions due to fluid flow and mechanical displacements are 

resent. Thirdly, the analytical procedures for determining the potential 

hanges for a specific defect are quite difficult and are not in hand. Thus 

ore effort is necessary to calibrate a given defect geometry.

he DC method has been widely used in crack growth studies. It's disadvantage 

elative to the AC method is the requirement for grea„.r currents, since signal 

mplification with a passive transformer, commonly used in AC, is not possible 

nd the concern that electrochemical effects may alter the stress corrosion or 

orrosion fatigue crack growth processes. Thermal and electrochemical emf's 

rising from the use of dissimilar materials and temperature variations must 

Iso be accounted for.

. preliminary experimental program has been undertaken to consider in more detail 

oth the applicability of the electric potential method to part-through crack and 

he comparative advantages and disadvantages of the AC and DC approaches. Refer- 

ing to Fig. 6, three specimens of SAE 1010 steel and three specimens of AISI

04 stainless steel were prepared having the dimensions and starting electro- 

ischarge machined (EDM) cracks as indicated. The program of EDM crack growth

s shown in the table, wherein the progressive depth and width of the cracks are 

iven. Probe pairs are carefully and precisely located on the specimens, and
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these are shown in Fig. 7. Here photographs of one specimen have been assem

bled, following each successive EDM step. The cracks (actually they were slots) 

are about 0.015 in. in thickness. Probe 2 is located at the center of the crack, 

while orobes 1, 3 and 4 are at specific off-center positions.

Both DC and AC potential measurements are obtained for each probe pair position 

and crack depth. Current connections were made at the ends of the speciments.

The DC current was 10A and was provided by a Sorensen power supply SRL 10-50, 

while an AC current of 0.5A came from a Hewlett-Packard 6824 amplifier. The 

DC potential readings were obtained with a Keithly digital nanovoltmeter 180, 

while AC potential was measured using two types of lock-in amplifiers, an Ithaco 

Dynatrak 3 and a Princeton Applied Research HR8. Frequencies of 8.5 and 85 Hz 

were used. At least five readings were uken for each probe pair at a given 

crack depth.

Shown in Figures 8 and 9 are some of the results, for the stainless steel speci

men 6 (b/c = 2.0) at probe pair positions 2 and 1. The potential readings have 

been normalized to uV/amp. Also included in these figures is a comparison to 

the analytical potential solution for a semi-infinite body containing a surface 

elliptical crack approximating the crack shapes of Fig. 6. This analytical 

solution is matched to the experimental results at a crack depth of 0.05 in. 

Therefore the agreement at other depths, particularly at a depth of 0.2 in. is 

of interest. This in general appears to be quite good. Note also-the differ

ence in shape of the two probe pair position 2 and 1 in Fig. 8 and 9. For posi

tion 2, the response with increasing crack depth (and width) is nearly linear 

since the probe pairs are centrally located across the crack. For probe position 

1, no response is observed until the crack begins to penetrate the probe pair 

gap, and once having done this, the response is rapid. It is reassuring to note 

how well the analysis and the experiment agree for this behavior.

The two probe pair positions, one center, the other off-center, provide enough 

difference in response to allow separation of the two components of crack growth. 

The center position gives the growth in terms of the change in area of the crack, 

that is, some combination of inward and lateral growth. The off-center position 

provides information strongly dependent on lateral growth, but insensitive to 

inward growth. Hence, the two growth components can be separated.

SELECTED METHOD FOR CRACK GROWTH MEASUREMENT

From the experiences gained in the above described proaram and from other con-
(31 ”current developments occurring in our laboratory, ' the DC electric potential
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hod was chosen as the preferred method but with considerably altered pro- 

ures than those used earlier. Several requirements were placed on the revised 
hod, including:

1. The need to obtain at least one potential reading per defect for each 

mechanical cycle. This would allow more extensive monitoring of the 

defect during a test so as to determine both crack initiation as well 

as crack growth processes at the defect. Improved accuracy in crack 

growth measurements are also possible by averaging blocks of cycles.

This procedure is now employed in our compact tension crack growth 

studies/4^
2. The need to eliminate possible errors in the DC signal from unwanted 

emf's. This could be accomplished by reversing the polarity of DC power 

supply frequently during each mechanical cycle, thus producing a 

square wave cycle. A frequency of 1 to 3 seconds was found to be 

desirable.

3. The need to control the current switching, to process the signal 

readings, and to record the data both visually and on tape for further 

processing. This can be accomplished by the introduction of a micro

processor and an appropriate software package to control the current 

supply, nanovoltmeter and testing machine function and to record the 

desired information.

ceeding on this basis, a DC current switching program was selected, as shown 

ematically in Fig. 10. Here several optional blocks of current reversals can 

introduced, each block consisting of a predetermined number of reversals. The 

ential average of each block is obtained and the average of all the blocks 

each mechanical loading cycle obtained. The print out of this procedure is 

wn in Fig. 11, for a load hold period of one minute on a test specimen 

wn in Fig. 12 made of low carbon steel of cross-section 1/2" x 1/4" with 50a 

rent. A semi-circular defect 0.025" deep by .010" thick is shown with appro- 

ate current leads and the probe pair. Printed out in Fig. 11 is the cycle 

ber, the block time (measured separately for each mechanical cycle, the mean 

tage across the probe xlO"^ volts, the average potential of each block and 

average potential for the mechanical cycle. This averaging process provides 

onsiderable improvement in accuracy over spot reading of the potential. The 

hod also provides considerable stability in potential readout. For example, 

r a 16 hour.no load, time period, the variation in potential was no more than 

licrovolts in an average reading of 143 microvolts.
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Fig. 13 shows the block diagram for the system now being tested out. DC current 
of 50 amp is supplied by a Sorensen regulated power supply. Switching is 

accomplished by a solid state polarity reversing switch. For multiple probe 

readings, a Keithly model 702 scanner is introduced prior to a Keithly model 

180 digital nanovoltmeter. Control is exercised by a microprocessor and an 

appropriate software package, while specimen loading is accomplished by a 

closed-looped testing machine and function generator.

At this writing the crack growth in one specimen of the type shown in Fig. 12 

has been monitored and tested in room temperature air. After some 46,000 cycles, 

a part-through semi-circular EDM prepared defect grew from 22.6 mils to 58 mils 

in depth, during which the normalized voltage changed from 1.0 to 1.511. The 

SDecimen was cycled between zero load and 135% of the yield strength at 1 cpm.

At least one potential reading was obtained for each cycle. While further 

evaluation of the test is still underway, the preliminary results clearly show 

the initiation of a crack from the defect and the smooth monotonic growth of the 

crack to the size indicated.

APPLICATION TO PIPING

A parallel investigation has been undertaken to determine how 4" diameter pipes 

can be prepared with internal, circumferentially oriented, EDMdefects and with 

probes closely located to the defect. A special fixture was prepared for use 

in the EDM operation that allowed for both defect preparation and probe location 

spotting. Special spot welding fixtures were designed for attachment of the 

probes with these fixtures, defects and accompanying probes could be introduced 

to a depth of about 2" from the end of a 4" pipe. This was sufficient to then 

allow for welding of the pipe to other sections similarly prepared or to other 

sections serving as extensions to accommodate the assembly in the pipe test 

stand. Fig. 14 shows a 4" pipe prepared in the manner described.

FUTURE PLANS

One or two further laboratory air tests are planned for the specimen configur

ation of Fig. 12 in which an improved software package will be introduced to 

account for multi-probe conditions and other refinements including temperature 

compensation. Very shortly, the same specimen type will be tested

in an autoclave at 550°F with oxygenated water. Following the proving out of 

the method under the environmental conditions of interest, a room temperature 

pipe test will be run, probably in a large fatigue testing frame. This is 

essentially for scale-up verification. The final step is the introduction of 

the technique into the Pipe Test Laboratory at San Jose.
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SUMMARY

A status report is presented here of the program to test defected components 

under simulated service conditions. The philosophy for this form of testing is 
described, and the specific techniques under study to implement the method for 

use in General Electric's Pipe Test Laboratory reviewed.
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1. Weld fusion line crack at root notch
in SA333 Grade 6 steel pipe test. 2. Defect geometry for electrical
(Ref. 1) potential analysis.

3. Potential solution for various probe 4. Potential solution for various 
locations - semi-circular, part-through elliptical part-through crack shapes 
crack. for fixed probe location.
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through cracks-probe position #2 
(Ref. 1).
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9. Potential change in pV/amp for 
successive crack growth steps of part 
through cracks - probe position #1 
(Ref. 1).

10. Mechanical and electrical wave 
forms for potential measurements, re
versing DC potential crack growth 
measurement system.
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11. Typical print out of reversing DC 
potential data during testing.

12. EDM defected specimen with current 
and potential leads used for evaluation 
of reversing DC potential crack growth 
measurement system.
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13. Block diagram of components used for 
microprocessor controlled reversing DC
potential crack growth measurement 14. 4" carbon steel pipe with internal
system. EDM defects.
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AND ALTERNATIVE WATER CHEMISTRY

Hideo Hirano, Takayuki Mizuno, Norichika Aoki and Tatsuo Kurosawa 
Central Research Institute of Electric Power Industry 
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INTRODUCTION

Intergranular stress corrosion cracking (IGSCC) of Type 304 stainless steel has 

occurred in some piping systems of BWR after a number of years of service. In 

general, IGSCC requires a specific combination of a susceptible metallurgical 

condition, stress, and environment. Heat treatment or welding operations can 

produce the susceptible metallurgical condition for Type 304 stainless steel in a 

BWR environment. This condition is characterized by the precipitation of 

chromium carbide at grain boundary and concomitant local chromium depletion.

Some alternative tube materials such as Type 304L, 316L, and 347 stainless 

steel and heat sink welding have been developed and some of them applied to 

practical plants.

The reactor coolant contains oxidizing species such as oxygen and hydrogen 

peroxide. These species make the oxidizing potential of steel noble and favor 

.the dissolution of chromium. This causes the promotion of IGSCC. During start

up of a power plant, oxygen concentration remains to be large and piping is 

strained by thermal expansion. Experiment indicated that this condition induced 

the initiation of IGSCC^. In recent year, a degassing process during the 

start-up has been developed, and applied to a power plant. Although oxygen con

centration is low during normal load operation this operation time is far longer 

than that during start-up. Alternative water chemistry might be important, 

though the threshhold value of oxygen concentration has not yet been clarified.

This paper described the effect of oxygen on IGSCC and the possibility of 

reduction of oxidizing species. Oxygen accelerated the intergranular corrosion 

of sensitized Type 304 stainless steel and the dissolution of chromium from the 

protective oxide film of the steel. Hydrazine injection method is proposed
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as an alternative water chemistry during normal load operation. The prospects 

for this method and the points at issue is discussed, comparing with a hydro

gen injection method and an ammonium method.

EFFECT OF OXYGEN ON SCC AND INTERGRANULAR CORROSION 

The effect of oxygen on IGSCC susceptivity was studied in a refreshing water 

loop using the constant extension rate method. The result indicated, as shown 

in Figure 1, that IGSCC occurred when oxygen concentration was 1 ppm or over, 

and its susceptivity increased with increasing oxygen concentration. These 

agreed with the reported ones. The number of cracks on the specimen, as shown 

in Figure 2, increased at first and attained maximum at the oxygen concentration 

3 to 10 ppm, and then decreased. This might be due to approach of the crack 

propagation rate to the strain rate with increase of oxygen.

IGSCC in pure water occurred only at local chromium depletion grain boundary.

The main component of protective oxide film is chromium oxide and it tends to 

be oxidized to chromate ion and to dissolve as oxygen concentration increases.

The behavior of chromium in the protective oxide film is important for 

clarification of IGSCC initiation mechanism. We studied the effect of oxygen 

on intergranular corrosion and the characteristics of the oxide film using static 

autoclave in which the water containing a certain oxygen concentration was put 

initially. After few hundred hours exposure the oxide film was analized with 

Ion Micro Analyzer.

The oxide film formed in oxygen-low water, as shown in Figure 3, contained a 

larger amount of chromium than the steel, and its content increased near water 

oxide film interface. On the contrary, chromium content was smaller in the 

oxide film formed in oxygen-rich water than that in the steel. Especially the 

chromium content decreased near the water-oxide film interface.

The sensitized steel was intergranularly attacked in oxygen-rich water for 

one hundred hours exposure. The intergranular corrosion was not clearly ob

served in oxygen-low water. (Figure 4)

ALTERNATIVE WATER CHEMISTRY
_ _ r

A hydrogen injection method ' and an ammonium method ' were proposed as an 

alternative water chemistry. We studied the possibility of hydrazine injection 

method, estimating the reaction rate of hydrazine with oxidizing species in 

reactor recirculation coolant system, and discussed the applicability to a power
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plant, comparing the hydrogen method and the ammonium.

The rate of the reaction between hydrazine and oxygen in water had been reported 
4 51

by many researchers ’ Of these, Dickinson systematically studied the 

reaction rate and it temperature dependency up to 205°C, at pH 9.54 .̂ Assuming 

that its temperature dependency was extrapolated up to the recirculation coolant 

temperature 275°C, the reduction rate of oxygen was expressed by the equation 

in Table 1. From this equation, it was found that oxygen concentration de

creased to half its initial value after 7 seconds, and one-tenth after 27 

seconds. This reaction is accelerated by iron oxide, copper and gamma-radia

tion, and suppressed by lowering the pH.

Another important oxidizing species is hydrogen peroxide which is the main 

decomposition product of water. This may accelerate stress corrosion cracking, 

because it has a stronger oxidizing power than oxygen. Marugulova in the USSR 

found 10 - 30 ppb hydrogen peroxide during operation in normal load of a light 

water cooled and graphite moderated reactor which was a direct cycle type similar 

to BWR, when the sampling water flow rate was especially raised to an extremely 

high level^. Although hydrogen peroxide was unstable in high temperature 

water, its existence was experimentally confirmed after few seconds exposure 

at 280°C. In a BWR power plant, the circulating time is estimated to be within 

only 1 second from reactor core to recirculation lime. Hence hydrogen peroxide 

might exist in the recirculation coolant. The rate of the reaction between 

hydrazine and hydrogen peroxide has not yet reported, but this rate is presumed 

to be larger than that between hydrazine and oxygen, in addition, hydrazine 

reduces hematite (crud) on the piping surface to magnetite. As hamatite is 

fixed on the piping, this reaction is not restricted by reaction time. So 

after a certain time, magnetite is predominant. Potential and pH relationship 

of iron oxide and chromium (III) oxide as shown in Figure 5, indicated that 

chromium (III) is not oxidized to chromate ion in the region where magnetite is 

stable. This might contribute to retardation of IGSCC.

On the other hand, a part of the hydrazine decomposes thermally and produces 

ammonium, nitrogen and hydrogen. This reaction is unfavorable for IGSCC 

countermeasure, because ammonium may be oxidized to nitrogen oxide anions in the 

radiation field. The decomposition rate was estimated to be one-twenty fourth 

of that of the hydrazine-oxygen reaction rate by extrapolation of Hartmann's 

equation^.
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From these data, we evaluated the injecting amount of chemicals, off-gas 

volume and attainable oxygen level at BWR power plant with output 800 MWe. The 

result is shown in Table 2. Hydrogen injecting amount is changeable, depending 

on the desired oxygen level, because no by-product is formed. In the case of 

ammonium, a part of ammonium is oxidized to nitrogen oxides, and these concen

tration increase with lowering ammonium. Hence ammonium concentration is 

determined by allowable value of nitrogen oxide anions.
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SUMMARY

Oxygen caused dissolution of chromium from the protective oxide film and 

intergranular corrosion at chromium depletion grain boundoury.

Advantages and disadvantages of alternative water chemistry was summarized 

1n Table 3. Hydrogen method produce no by-product and has a great advantage within 

the coolant system. But ensurance of safety 1s a very serious problem and a great 

deal of additional equipment is required, because a large volume of gas is 

handled.

In the case of ammonium method, as a large volume of hydrogen and nitrogen 

mixture is produced, the treatment of off-gas is difficult.

The hydrazine method requres no additional equipment and is applicable to a 

operating plant, though this decrease the oxygen level to only half its original 

value. And there are some points at issue concerning the behavior of nitrogen 

oxide anions.
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Table 1

ESTIMATE OF REDUCTION RATE ON OXIDIZING SPECIES 

WITH HYDRAZINE IN RECIRCULATION COOLANT

Oxidizing
Species Reaction Formula Reaction Rate

Half-life 
Period (sec)

°2 N2H4 + 02 = N2 + 2H20 Ao
l09 S o ^ = 2.4t* 7

H2°2 N2H4 + 2H20 = N2 + 4H20

Fe2®3
(CRUD)

6Fe203 + N2H4 =

N2 + 2H20 + 4Fe304 35

5N2H4 = N2 + 4NH3 , Ao 
l09 Ao^x = 0.1 t 170

* Ao: Initial Concentration of N2H4 ppb

x: Amount of 02 or N2H4 Reacted at Time t, ppb

Table 2
CHARACTERISTICS OF ALTERNATIVE WATER CHEMISTRY

Reduction Rate
Injecting Chemicals 0f 02 (%) Off-gas

Name
Injection
Point

Cone.
(ppm) Amount Water Steam Constitute

Amount
(m3/H)

n2h4 Inlet of 
Recirc. 0.2 7 kg/H 40 0 n2 4.8

n h3 Feedwater 15 500 kg/H 90 90 n 2 250

n 2 750

n h3 20

H2 Feedwater 3 <1000 90 90 H2 <1000

-9-



CO

<D

-Q
ro

>>
S_ "O
o • C

I 4-3 CD E  to ro
X u $- CD *r- U rO♦r— ro o ■—■ •r— rd CSJ ■r- c
3 4 - E X  CSJ s- d 4 - 4-> o
c r O  d ■M 4 - O •p—
CD C CD S- U o 4 - | c c

o X X  CD CD O 1 to « ro
4 - 4-> n— 4-3 4-> CD to
O 4-3 > * to l/> CD 3 CO C CO LJ CD

CJ ra 3  ra O . 4-3 0) CJ 4-3 C-J d )
3 E o  s 4-> to E >> LU *r-

ra ”0 •1“ CSJ 3 •p— 4-3 u X
(D - o > » S_ d ) o O to ro 4 - CD O

XJ C S- 4-3 CD C c CD c c
O X «r— co <o X CD o L. o ro •«- c

4-> *r- CJ 4-> X CJ 4-3 ♦r™ X -a  cd
ra lO CSJ rO >> </> •r* 4-3 4-> 3  CD
CD cn d Q_ S- »r— 3 z 4-3 ro > , O
S- CD cO CD CO 4 - u 3 S. V  L.
cd s- cn CJ >  >> c O •r~ O CD c C  4-3

CL ro o d : * -C C o i
ro E CD ro O t<5 3  X ) 4-> a ) c  c

o 4-> cn s_ 4-3 r — CD ■p- CD o E  O
1 u U ro CD 4-> O CO CO 3 CD 4-3 CD 4 - •(-
1 • r &- X  CJ ro o rO 3 s_ • 4-3 O  C0

■o s- o CD CD 4-> CD CD TJ •n CO CO O
(\ C 4-> 4-> 4-> r - S- S- CD 4 - E OJ >> c  t-

d  ro to CO X  CD CD 4-3 o CD CO to o  i-
• o> > » ■ • 4-3 CD to dJ ro ■P- o

a j CD C CO CSJ •r- >> _o O 4-> CO X ) «o i- C O) S- 4-3 CJ
E ■M O ro d E  -Q C ro 3 QJ o s_ o  u
3 CO «r— s- o 3 3  4-» X CJ u a  j  qj

> - i— ro 4-3 >> rO CO “O CD 4-3 O O CD * E CD ro "O  4J
C£ O 3  ro +J •r- CD 4-3 E 4 - C X 4-3 3 ■o “D >  O  ra
f— > u CD CD X  CJ ra CO ro O  C c C c L- L-
on 4 - •<- 4 - CO 1—  3 3 -a ro 4-> CD rO C C  X  CD
•—t c O  4 - ro 3 "O c C CD CJ o E CD o
s : o •n 00 ra O o o o E c Q .X • •r~ 4 - CD
LU CD S- CJ • s- 4-> Q_ •r— 3  CSJ c •r~ 4-3 • p— 4-» CD *i“  O
d 4-3 00 3 4 - CD co  Cl C CO 4-> d ra 3 E O >  O
o u 3  X O X E •r- CD U O CJ C T4- CD S- •i“  >1 i t

CD CD Z  CO S. CD >  CD QJ O  -O 4-3 4-3 4-3
cc S- t- CD p> ■r- “O S- •ro 4-3 CO C CJ n-
LlJ G O CJ c o CD O C to to ro CO CD X CD CD «—  ro
1— 4-  4- C rO O  CSJ 4-> a • r— 3  ro CD 3 to 3 CJ 4 -  •!-  E
<t O ro X r— d t- • O  3 O (O t c > 4-  X
3 CD to i- ro CD L. 4-» CD E CD E CD C o a ; <D *i— x

C7>"0 4-J 3 d> c  c > CD C CD S- 4-3 s- S- ro CJ 3 CO CJ
LU L. CD C CO <0 CD C 3  ro S- o  • CO o CJ aj r— C  W r
> ro CD (D c c X  -C o o »—• ro C  CSJ ra c c CSJ ro O  O  X
►—4 __12  E L I ♦r- ■M 3 u Cl c l __1LU  Z 3 CD »—» u o > Z  X  3

C
z ■f— «* »r— ♦f—
X • r •p- > -̂ -S, *r- •t— > • i— *r—
U l •r~ • r •r— •r- •r- • r— ■ r »r-

<

O

OLD
OLc
Q_

EO

CD>dj

>> C i— roc
O  4-> <0 S-
<D “D  4-* OJ rO •—2 r-o- i.
I/) 4-3 
4-3 C
o  o
3  CJ 

d J
0  CD 
s- X  
X
1 C >> «5 

X> U

CD to  dJ
3 E  E

- a CO 4-> ■
ro 4-3

« • CO dJ C
• E o E *«- S- ra

C CD s_ CD 4-3
o 4-3 4-> 4-> dJ X

*p- to c CO E  s -
4-* >> o 3  O cn
ro to u CO f—  4 - c
U O •f~
4-> S- c s - • >  4-> 4-3
C. o o O 4-3 C (O
CD X •r— X e  to  a> s_
O ro to ro 3  ro  E CD
c > o > o  c n  x X
o i - E  ••" O
o c s_ c rO CD 3

•r— o *r— -P  c r c
CSJ CJ • c  to  dJ ro

d CSJ CD CSJ O  ro
o s - to o •t~ S  r - • O

c o ro 4-> ro CO 4->
o 4 - 4 - 0 J <4- O  4 -  C ro

O L- o QJ O  O cn  cd
cn a> U ,r— 3 'i— »—
G CD > c 0 ) C  dJ 4-> CD X

O  CSJ 
Z  O

"Oc
dJ
Q .
CD*3

(/)
roCDi_
c jOJo

• r* tS) rO=c 0>
X  i-o
O  CD 
4-> Q

v> *f“ 4-3 ro fO "O </> (J QJO fl'i-l. fO 5 r-
fO U  CL.o  4- a  

z  o  <cEon

roz :
CSJ

1 0



THE EFFECTS OF pH AND APPLIED POTENTIAL ON STRESS CORROSION CRACKING 
SUSCEPTIBILITY OF SENSITIZED TYPE 304 STAINLESS STEEL 

IN DILUTE Na2S04 SOLUTION AT 285°C

T. Fukuzuka, K. Shimogori, K. Fujiwara and H. Tomari

INTRODUCTION

Since the trouble of IGSCC in the primary water piping made of Type 304SS occurred 
in the BUR nuclear power plant, a lot of works have been carried out on the SCC of 
stainless steels in high temperature deionized water.

It has been made clear from these works that the IGSCC is caused by a combination 
of three Interdependent parameters: Chromium depletion accompanied with precipita

tion of Chromium carbides along the grain boundaries by the thermal histories dur
ing welding, total applied and residual stresses, and dissolved oxygen of the en

vironment (1_, 2). It seems, however, that the mechanism of IGSCC,. particularly the 
role of dissolved oxygen, has not necessarily been clarified.

In the mean time, concerning the test method to evaluate the SCC susceptibility of 
stainless steel in high temperature water, we have been adopting primarily the con
stant strain test with a double U-bend specimen among the various test methods, 
such as the constant strain test, constant load test, the SSRT and the corrosion 
fatigue test.

One of the reasons is that IGSCC can be reproduced in a short time by the constant 
strain test using the specimen with a crevice. The acceleration mechanism of a 
crevice, however, has also not been clarified yet.

From these situations we have investigated the effects of applied potential and pH 
in a high temperature solution, which contained Infinitesimal amount of Na^SO^ as 
an electrolyte, on the SCC of sensitized Type 304SS in order to clarify the roles of 
dissolved oxygen In water and the crevice on the material in the SCC susceptibility.
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EXPERIMENTAL

Test Specimens and Test Items

Table 1 shows the chemical composition of Type 304SS used throughout this study.

It was melted in an electric arc furnace and then steel plate of 4 mm thickness was 
obtained by hot rolling from the ingot.

Table 1

Chemical Composition of Test Material (Type 304SS)

c Si Mn P S Ni Cr

0.057 0.47 1.74 0.034 0.021 9.48 18.49

( wt/.)

After solution heat treatment of 1050°C x 30 min., WQ and sensitization heat treat

ment of 620°C x 24 hrs., AC, three kinds of test specimens, whose dimensions are 
shown in Figure 1, were prepared. Specimen (A) is the double U-bend specimen for 
SCC test in high temperature solution with dissolved oxygen and is made by bending 
simultaneously two coupon specimens of 2* x 15w x 65^ mm in piles.

Specimen (6) is the single U-bend specimen for SCC test under controlled potential
t w 1 «and is made by bending the coupon specimen of 2 x 15 x 65 mm into U-shape and 

then spot-welding a lead-wire of Type 304SS.

Specimen (C) was used for polarization measurements and is made in one piece in or

der to avoid the crevice corrosion at the joint part.
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/— Outer specimen 
/  (2x15x65m m )

inner specimen 
(2 x i5 *6 5 m m )

1

r

.Lead wire 
/  (type 304 SS)

t—U-bend specimen 
(2 x is x6 5m m )

^ § -

(A)double U-bend specimen 
for SCC test in a ir  
s atu rated  solution

5R
% J )

(B) single U-bend specimen 
for sCC test under 
controlled potential

(2  mm)

o
CN

l*-20-
(C) specimen for polari

zation measurement

Figure 1. The Dimensions of the Test Specimens Used in 
This Study

The surface of the test specimen was finished by polishing with #400 emery paper 

throegnout this study.

Experimental Procedures

SCC Test in Air Saturated Dilute Nâ SO,. Solution at High Temperature. The SCC test

in air saturated dilute NajSO^ solution was conducted using a monel-lined 5L auto

clave under the conditions shown in Table 2. The double U-bend specimen shown in 
Figure 1-(A) was used. SCC susceptibility was evaluated by examining metallograph- 
ically along an arbitrary cross section of the specimen after immersion.

SCC Test Under Controlled Potential in Deaerated Dilute NapSO^ Solution at High 
Temperature. The SCC test under controlled potential was conducted in deaerated 

0.005M-Na2SO^ solution at 285°C using a titanium-alloy lined 1L autoclave shown 
in Figure 2.
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Table 2

The Test Conditions for the SCC Test in 
Air Saturated Dilute NajSO^ Solution

Solution: 0.005M-Na2S04 
pH: Unadjusted (= 6 ) 
Dissolved Oxygen: Air Saturated 
Temperature: 285°C 
Duration: 3 6 0 hrs.
Test Specimen:Double U-bend

Figure 2. The Autoclave Used for the 
Electrochemical Investigations

The test conditions are tabulated in Table 3. The pH of the O.OQ5M-Na2SO^ solution 
was adjusted with sulphuric acid and the deaeration of the solution was carried out

4



by substituting the air with Ar gas at room temperature. The electrochemical po

tential of a specimen was measured by referring to a saturated calomel electrode 

outside of the autoclave.

Table 3

The Test Conditions for the SCC Test 
Under Controlled Potential

Solution: 0.005 M-Na2  SO4  

pH : 3,2.5,2 (adjusted by H2 SO4 ) 
6  (unadjusted)

Dissolved Oxygen: Deaerated (Ar gas) 
Temperature: 2 5 5 *C 
Duration: AO -  100 hrs.
Test Specimen: Double U-bend &

Single U-bend 
Counter Electrode: Platinized Ti

During the time that the temperature of the autoclive was raised or lowered, less 
noble potential was applied at which no SCC had been confirmed to occur by prelim

inary experiment. The SCC suscectibility was evaluated in the same way as mention

ed above.

Polarization Measurement. Measurement of corrosion potential and polarization be

haviour was conducted under the same conditions as shown in Table 3 except the 
type of the test specimen. In this case the specimen shown in Figure 1-(C) was 
used. Sweep rate of 50 mV/min. was adopted upon potentiokinetic polarization mea

surement.
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RESULTS AND DISCUSSION

Polarization Behaviour

Figure 3 shows the effects of pH on the anodic polarization of sensitized Type 304SS

in deaerated 0.005M-Na„SO. solution at 285°C.2 4

The anodic polarization curve in pH6 solution was analyzed to be composed of three 

regions; the wide passive state (-0.1 +0.2V), the transpassive state due to the

dissolution of Cr^+ ion ( + 0 . + 0 . 6V) and the region of oxygen evolution (+0.6~ 

+0.8V).

As the pH of the solution was lowered, the corrosion potential became noble, the

active region began to appear and the passive current increased remarkably. For
2

example, the peak current density in the active region was more than 1 mA/cm and 

the secondary passive region disappeared in the solution of pH2.

Figure 3. The Effect of pH on the Anodic 
polarization Behaviour in Deaerated 0.005M- 
Na2S0^ Solution at 285°C.
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Figure 4 shows the effect of pH on the cathodic polarization of sensitized Type

304SS in deaerated 0.005M-NaoS0. solution at 285°C.2 4
It is clear from this figure that cathodic reaction increases as the pH of the so

lution is lowered and this causes the corrosion potential of the steel to shift to 

a noble direction with the drop of pH.

Figure 4. The Effect of pH on the Cathodic 
Polarization Behaviour in Deaerated 0.005M- 
Na2S04 Solution at 285°C

SCC in Double U-bend Specimen in Air Saturated and Deaerated Solution

When a double U—bend specimen was immersed in 0.005M—Na2S04 solution which contain

ed dissolved oxygen of about 40 ppm at 285°C (Figure 6), IGSCC was observed only in 

the inner specimen of the double U-bend as shown in Figure 5-(A).

And when the potential of +0.05V, which corresponded to the corrosion potential in 
0.005M-Na2S04 solution at 285°C containing 40 ppm dissolved oxygen (Figure 6), was 

applied to the double U-bend specimen in the deaerated solution (Figure 5-(C)), 
IGSCC was also observed (Figure 5-(B)) only in the inner specimen after 40 hours 

immersion just in the same way as mentioned above (Figure 5-(A)).
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(A) SCC of double U- 
bend specimen 
immersed in a ir  
saturated Q005M- 
N a jS ty  solution  
( Ecorr/ 0 . 0 5  V )

(B)SCC of double U- 
bend specimen 
immersed in 
deaerated 0.005M- 
Na2SQi solution  
at applied potential 
of * 0 . 0 S V (C) Anodic polarization curves 

of specimen in a ir  saturated  
and in deaerated QQ05M-Na2SOfc

Figure 5. SCG of Double U-bend Specimen in Air Saturat
ed and Deaerated 0.005M-Na2SO^ Solution at 285°C

Figure 6. The Relationship between the Corrosion Potential
of Sensitized Type 304SS and the Dissolved Oxygen in 0.005M-
Na„S0. Solution at 285°C 2 4

This seems to imply that the function of oxygen dissolved in the solution for the 
SCC, can be replaced by applying a potential to the steel in deaerated solution, 
which is determined by the oxidizing power of the dissolved oxygen.
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The Effects of pH and Applied Potential on the IGSCC of Single U-bend Specimen in 
Deaerated Solution

Single U-bend specimens, shown in Figure 1-(B), were immersed in deaerated 0.005M- 
Na2SO^ solution of pH6 applying various potentials in the range of -0.7 ̂ «/+0.6 V, 
which corresponded to the potential range from the natural corrosion to the secon
dary passive state on the anodic polarization curve. No SCC was observed at any 
potential within 100 hours.

Therefore, IGSCC in high temperature Na^O^ solution by the double U-bend method, 
might be caused not only by the potential change due to the oxidizing power of the

dissolved oxygen, but also by the change of solution composition Inside the crevice.

What ic thought of as the change of solution composition, would be the drop of pH
due to the hydrolysis of metallic ions dissolved from the specimen.

Then, the SCC behaviour of single U-bend specimen in 285°C deaerated 0.005M-Na2S0^ 
solution, whose pH was adjusted to 3, 2.5 and 2, was examined by applying various 
potentials. The test results are summarized in Figure 7.

In the solution of pH3, IGSCC was observed only when the applied potential was -0.3 
V, as shown in Figure 7-(A)-(a). No localized corrosion was observed when the ap

plied potential was less noble than corrosion potential (-0.4 V) or in the range of 
-0.2's-'+0.5 V, and intergranular corrosion (IGC) was observed at the potential of 
+0.6 V, as shown in Figure 7-(A)-(b).

In the solution of pH2.5, the most severe IGSCC was observed when the specimen was 
left at the corrosion potential (about -0.35 V). When the specimen was polarized 
anodically, less severe IGSCC was observed at the potential of -0.3 and -0.2 V, no 
IGSCC was observed in the range of -0.1/N*'+0.3 V and intergranular corrosion was 
observed at the potential of +0.4 and +0.6 V. And when the specimen was polarized 
cathodically, severe IGSCC was observed at the potential of -0.5 V, intergranular 
corrosion was observed at -0.6 V and no localized corrosion was observed at -0.7 V. 
These results are illustrated in Figure 7-(B).

In the solution of pH2, localized corrosion of IGSCC and intergranular corrosion, 
was observed at all applied potentials in the range of -0.3/^+0.3 V, as shown in 
Figure 7-(C).
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Figure 7. The Effects of pH and Applied Potential on the SCC of Single U-bend 
Specimen in Deaerated O.OOSMNa^SO^ Solution at 285°C.
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It is clear from these results that no localized corrosion occurs in the solution 
of pH6 and IGSCC is observed when the pH of the solution is less than 3. It is 
also clear that IGSCC becomes more severe and the potential range for IGSCC en

larges with the drop of solution pH.

Figure 8 summarizes the pH and potential dependences of IGSCC in deaerated 0.005M- 
Na2S0^ solution at 2850C.

Figure 8. The pH-Potential Dependences 
of IGSCC of Single U-bend Specin. in 
Deaerated 0.005M-Na2SO^ Solution at 285°C

Setting the potential range for IGSCC in Figure 8 against anodic polarization curve 
shown in Figure 3, the range corresponds to the transition region from active state 
to passive state in the solution of pH3, expands to the region less noble than cor

rosion potential in the solution of pH2.5 and extends moreover to the transpassive 

state in the solution of pH2.
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When a double U-bend specimen Is immersed In high temperature water containing 40 
ppm dissolved oxygen, however, the potential of the steel in the crevice can not 

become less noble than the corrosion potential in deaerated acid solution and also 
it cannot become more noble than the corrosion potential of the steel outside the 
crevice in air saturated solution of pH6, as shown by in Figure 8.

The Relationship between the Potential Range for IGSCC of Single U-bend Specimen 
and the Local Cell Anodic Polarization Curve

The local cell anodic polarization curve was obtained as shown in Figure 9, by cal

culating from the corrosion loss after holding for 20 hours at each potential in 
285°C deaerated 0.005M-Na2SO^ solution of pH2.5, using the specimen 3hown in Figure 

1-(C).

Figure 9 shows also the correspondence of the potential range for IGSCC shown in 
Figure 8 to the local cell anodic polarization curve and the outward polarization 
curve.

Figure 9. The Correspondences of the Po
tential Range for IGSCC to the Local Cell 
and Outward Polarization Curves in Deae
rated O.OOSIM^SO^ Solution at 285°C

12



Furthermore, this figure indicates that the potential range for IGSCC of single 
U-bend specimen in deaerated 0.OOSM-Na^SO^ solution of pH2.5, corresponds to the 
transition region from an active state to a passive state on the local cell anodic 
polarization curve which represents the true anodic reaction, although it spreads 
to less noble potential region beyond the active state on the outward polarization 
curve.

SUMMARY

The IGSCC of sensitized Type 304SS was studied in dilute Na2S0^ solution at 285°C, 
varying the pH of the solution and the applied potential in order to clarify the 
roles of crevice and dissolved oxygen in the SCC by double U-bend method.

The results are summarized as follows.

1. The role of dissolved oxygen in the IGSCC behaviour of sensitized Type 304SS, 
is to make the potential of the steel noble and can be replaced by applying a po

tential to the steel in deaerated solution, which is determined by the oxidizing 
power of the dissolved oxygen.
2. The IGSCC in the inner specimen of the double U-bend is caused by the environ

mental change inside the crevice, where the pH value is lowered to less than 3 due 
to the hydrolysis of metallic ions dissolved from the specimen, and by the poten

tial shift of inner specimen to the transition region from an active to a passive 
state on the local cell anodic polarization curve, where IGSCC can readily be gen

erated.
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EXAMINATION OF PIPE WELD SPECIMENS 
REMOVED FROM SERVICE

V. Pasupathi, J. S. Perrin, W. E. Berry, 
and W. N. Steigelmeyer*

I. INTRODUCTION

Intergranular stress corrosion cracking (IGSCC) of welded type 304 stainless steel 

BWR piping has caused a great deal of concern to the electric power industry. The 

cracking initiated on the inside surface has been located in weld heat affected 

zones, and is known to be influenced by local conditions of stress, environment, 

and metallurgical condition. Each of these three general parameters is known to 

vary within certain bounds. If critical conditions of overlap occur, cracking 

takes place. Research on this phenomenon has resulted in a workable understanding 

of the many complex interrelationships; however, most of the information on metal

lurgical conditions to date has been generated an laboratory welded specimens. 

Information on samples removed from reactor piping has been restricted to that 

derived from a limited examination of several isolated samples. Information has 

indicated a highly variable situation which could be different from simulated situ

ations developed by laboratory preparation. Thus, it is important to examine a 

large number of specimens removed from service for a better understanding of the 

cracking phenomenon and to improve the data base onfield specimens. With this 

objective, Battelle's Columbus Laboratories (BCL) under a research contract 

(RP 1070 - 1) from EPRI has examined pipe samples from three different reactors.

The following sections of this paper present the results and conclusions from these 

examinations.

II. EXAMINATION OF PIPE WELD 
SPECIMENS FROM DUANE ARNOLD

During the April 1978 refueling shutdown of the Duane Arnold nuclear plant through- 

wall crack was discovered adjacent to a valve in the 304 stainless steel reactor

* Authors' are affiliated with Battelle's Columbus Laboratories, Columbus, Ohio.
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water cleanup line. Nondestructive examinations at the reactor site showed that 

the pipe with the throughwall crack also contained a part wall crack approximately 

180° away from the throughwall crack. In order to obtain information on the cause 

of the cracking, two 4-inch pipe samples were shipped to the BCL Hot Laboratory 

and were examined using both nondestructive and destructive techniques. The two 

samples consisted of parts of pipes from the two ends of the valve body with one 

of them containing the two known cracks and the other uncracked. The locations 

of the samples with respect to the valve body are shown in Figure 1. Details of 

the examinations and results are reported in Reference 1. Only a brief summary 

will be presented here.

Visual Examination

The two specimens were visually examined in the as-rece.ived condition. The samples 

were found to be highly discolored and only a part of the throughwall crack was 

visible on the outer surface. The inner surface in the vicinity of the crack was 

relatively clean with no apparent weld bead, indicating that the surface had been 

ground flush during the postweld grinding operation. The specimens were decon

taminated and descaled and visually examined again. As before, only the through- 

wall crack was visible.

Nondestructive Examination (NDE)

The two pipe specimens were subjected to a nondestructive examination (NDE) pro

cess at BCL similar to that which would be used during a Nuclear Power Plant In- 

Service Inspection as per ASME Boiler and Pressure Vessel Code Section XI (2).

Three basic examinations were performed:

1. Ultrasonic inspection from outer surface

2. Zyglo dye-penetrant from inner surface

3. Single-wall X-ray radiograph.

Only part of the cracked pipe (the section containing the part wall crack) was 

examined. The other section with the throughwall crack had been cut out earlier 

for metallography.

Three continuous indications were detected. There was a fourth indication which 

was much deeper than the other three and did not appear to join up with any of the 

other indications noted. By its position it appeared to be a weld defect rather 

than a crack. All four indications were in a circumferential orientation. The 

three other indications started at the inner surface and appeared to penetrate 12, 

50, and 32 percent at their maximum depths. Although the three indications seemed

2



Figure 1. Schematic Drawing Showing the Location of Pipe Sections 
from Duane Arnold Examined by BCL
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to join up they occurred at different distances away from the weld and, therefore, 

were assumed to be segregated defects. Results from X-ray radiography and dye 

penetration test essentially confirmed those from ultrasonic test.

Destructive Examinations (DE)

Following nondestructive examinations the two pipe specimens were sectioned to 

obtain a number of metallographic samples. One objective of the metallographic 

examination was to map the length and depth of cracks and compare the results 

with those from nondestructive examinations. Other objectives of the metano

graphic examination were to characterize the crack morphology, specimen micro

structure, and the extent of sensitization due to welding.

Throuqhwall Crack Section

Eight metallographic specimens were obtained from this section of the pipe.

Seven of eight specimens contained a segment of the throughwall crack.

The specimens were then examined in the as-polished and etched conditions. Etch

ing was carried out using oxalic acid according to ASTM A-262 Practice A (3). In 

the case of several samples, more than one surface was examined by additional 

grinding and polishing steps. In several of the specimens two cracks adjacent 

to each other were observed. A composite of the weld crack and the sensitized 

zone in one of the specimens is shown in Figure 2. A montage of the cracks is 

shown in Figure 3. It can be seen that the cracks are intergranular with branch

ing typical of intergranular stress corrosion cracking. The cracks appear to be 

located in the edge of the sensitized zone near the base metal. Cracks were also 

observed closer to the weld in some of the other specimens.

Part Wall Crack Section

A total of seven metallographic specimens were obtained from this section. Prior 

to mounting the specimens, the inner surface was examined to determine the extent 

of postweld grinding. It appeared that the postweld grinding was not as severe 

as that of the throughwall crack section, the weld bead being clearly visible.

Cracks were observed in six of seven specimens. In two of the specimens two 

cracks were observed. The crack characteristics were similar to intergranular 

stress corrosion cracks. Other aspects of the specimens such as degree of sensi

tization and grain size were similar to those of the throughwall crack specimens.
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Uncracked Specimen Metallography

One metallographic specimen was examined from the uncracked pipe section. The 

extent of the postweld grinding on this pipe section was similar to that on the 

section of the pipe containing the part wall crack. Metallographic examination 

showed no unusual features. The grain size and extent of sensitization were sim

ilar to those of the specimens from the cracked pipe.

Effects of Postweld Grinding

In order to determine whether postweld grinding of pipe inner surfaces intro

duced any cold worked layers of second phase, three specimens were reground and 

repolished. Care was taken to avoid edge rounding during preparation. The speci

mens were then lightly etched with glyceregia (glycerine-aqua regia mixture).

The inner surface edge was carefully examined and in all three specimens a thin 

layer of nontypical microstructure was observed. Figure 4 shows the appearance 

of such a layer. Microhardness measurements made on these specimens showed these 

areas to be of much higher hardness compared to the matrix material. Knoop hard

ness values in the immediate vicinity of the inner surface were typically in the 

range 340-370 while those in the matrix were in the 230-250 range.

Comparison of Results from NDE and DE

Measurements of crack length and depth were made on all of the metallographic 

specimens using a filar eyepiece. A comparison of these results with those from 

NDE is shown in Figure 5. Results from reactor site NDE are also shown in the 

figure (4). Good agreement is seen between NDE and DE results.

III. EXAMINATION OF THERMAL SLEEVE FROM 
BRUNSWICK-2 CONTROL ROD DRIVE RETURN LINE

A 304 stainless steel thermal sleeve from the control rod drive return line of 

Brunswick 2 Nuclear Power Plant was found to be cracked and was shipped to 

Battelle's Columbus Hot Laboratory for examination. The thermal sleeve contained 

several cracks in the flange and pipe sections. The primary objective of the ex

amination was to identify the mechanisrn(s) of cracking.

RESULTS

A brief summary of examination and results is presented below. Additional de

tails may be obtained from Reference 5.
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Figure 4. Appearance of a Layer of Nontypical Micro
structure Very Near the Inner Surface of the Pipe
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270‘

Figure 5. Comparison of Nondestructive and Destructive Examination 
Results on Crack Depth

9



Visual Examinations

The specimen was visually examined in the as-received condition. The specimen 

consisted of an 18-inch-long pipe 3 inches in diameter and 0.216 inch in wall 

thickness, welded to a flange approximately 15 inches in diameter and 0.250 inch 

in thickness. The sleeve appeared to have been examined at the reactor site by 

dye penetrant testing, and several throughwall cracks were clearly visible on the 

flange. One of the cracks was found to run from the flange into the pipe section 

through the weld. Figure 6 shows the appearance of the entire thermal sleeve 

specimen examined. The thermal sleeve was decontaminated and examined again.

Figure 7 shows the appearance of two of the cracks after decontamination.

Metallographic Examinations

The sleeve was sectioned with a band saw and five metallographic specimens were 

obtained for examination. All five specimens contained cracks. Four of the 

specimens were from the flange section and one was from the pipe section as shown 

in Figure 8.

The specimens were examined in the polished and etched condition. Etching was 

carried out electrolytically using oxalic acid in accordance with ASTM proce

dure A262 practice A (3). The results of the metallographic examinations are sum

marized below.

Specimen A. This specimen contained two independent throughwall cracks which 

appeared to meet each other. The specimen was mounted in such a way as to enable 

examination of the flat surface of the flange. The cracks were transgranular.

Specimen B. This specimen was also obtained from the flange section and was 

mounted to examine the cross section of the flange. A number of cracks were ob

served and two were found to penetrate the entire thickness of the flange. Four 

other smaller cracks were observed with three originating from the bottom of the 

flange and the fourth from the top. (The flange surface on the pipe side is 

designated as top surface.) Figure 9 shows montage of the two main cracks. De

tails of the microstructure in the vicinity of the bend in one of the two cracks 

are shown in Figure 10. All cracks were found to be transgranular in nature.

Specimen C. This was the third specimen examined from the flange secticr.. Ir. 

this specimen one throughwall crack and a very small incipient crack were observed. 

The crack characteristics were very similar to those observed in the previous 

specimen.

10
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Figure 6. Appearance of Brunswick-2 Thermal 
Sleeve in the As-Received Condition

C4959 -0.5X 
Figure 7. Appearance of the Crack After 
Sample Decontamination
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SPECIMEN B 
\

SURFACE E X A M IN E D  
\

SURFACE E X A M IN E D

SPECIMEN D

FLANG E
B O TTO M

SPECIMEN A
SURFACE E X A M IN E D

SPECIMEN C

Figure 8. Locations of Metallographic Specimens Obtained from Brunswick-2 Thermal 
sleeve

12



Fl
an

ge
 T

op

§
o

CQ

OJO)
c
ItJ

o
CM

cn
u>0  rs.

1 
s

inm
or-

13

Fi
gu

re
 9
. 

De
ta
il
 
of

 T
wo

 M
aj

or
 C

ra
ck
s 

Ob
se

rv
ed

 
in
 S

pe
ci

me
n 

B



Figure 10. Higher Magnification Detail of the Area 
Marked in Figure 9
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Specimen D. This specimen was obtained from the pipe section of the thermal 

sleeve. The location of the specimen was such that it contained a part wall 

branch of the crack that had propagated in the circumferential orientation. The 

specimen was mounted to examine the longitudinal cross section of the pipe. Again 

the crack was found to be transgranular.

Specimen E. This specimen was obtained from the flange section adjacent to 

Specimen C. The location of the specimen was such that one end of the specimen 

was near the weld connecting the pipe to the flange. The objective was to see if 

there was any change in the crack characteristics in the sensitized zone of the 

specimen. The crack was found to be transgranular in nature in both base metal 

and the sensitized region. With the exception of the presence of cracks, the 

microstructures of the flange and the pipe appeared normal. The grains were 

found to be equiaxed with a grain size of 3 in comparison to the ASTM grain size 

chart (6).

Scanning Electron Microscopy

Results from metallography indicated that the cracking mechanism could be either 

stress corrosion or fatigue. In order to confirm the cracking mechanism, two 

samples were examined using a ISI-Super II SEM (70 A resolution) scanning electron 

(SEM) with an Ortec energy dispersive X-ray analysis system. One of the two 

samples examined was from the pipe section adjacent to the weld. This sample had 

come apart during the sectioning of metallographic samples. Initial examination 

of the fracture surface of this sample showed a highly oxidized surface from high 

temperature water and the underlying features were not discernible. The specimen 

was then descaled. Examination of the fracture surface after descaling clearly 

showed many areas containing striations indicating fatigue failure. The stria- 

tions appeared to run in a direction somewhat normal to the direction of the crack.

To obtain additional confirmation, a second sample was cut from the flange section 

of the thermal sleeve. The location of the sample was picked such that it con

tained a part wall crack. This sample was mechanically broken along the crack to 

examine the fracture surface. Figure 11 shows the features of the surface. Again 

striations indicative of fatigue failure are clearly observed. In comparison the 

surface in the mechanically broken area showed ductile dimpling features typical 

of mechanical fracture.
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Figure 11. Fracture Surface Appearance Near the Tip 
of the Crack Showing Fatigue Striations

Crack
Direction
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One area of the fracture surface was analyzed using the X-ray analysis system.

The analysis showed only the presence of Fe, Cr, and Ni. Based on these obser
vations it was concluded that cracking observed in the thermal sleeve was due to 

fatigue.

IV. EXAMINATION OF CRACKS IN THE 
WELD NECK FLANGE FROM THE VERMONT YANKEE

During a recent penetrant inspection at the Vermont Yankee Nuclear Station, a 

deep indication and a leak were detected adjacent to a butt weld in a weld neck 

flange on an auxiliary primary coolant line. The weld neck flange and attached 

piping were Type 304 stainless steel. The environment inside the weld neck 

flange was boiling water reactor (BWR) primary coolant at operating temperature 

and pressure.

When the leak was detected, the wend neck flange was removed and sent to BCL for 

examination.

RESULTS

Dye-Penetrant Examination

After descaling, the flange was dye-penetrant inspected using Turco dye-penetrant 

products. Two circumferential cracks were detected near the weld bead on the in

side diameter, one at the bottom of the flange and one 180° away at the top of 

the flange. One small indication was noted on the outside diameter and corre

sponded to the indication on the inside at the bottom. A photograph of one of 

these indications is shown in Figure 12.

The weld neck flange was then removed and slit lengthwise for further examination. 

Visual Examination

Visual examination after slitting revealed four cracks at the bottom of the flange 

on the inside surface parallel to the weld. One crack ran diagonally to and next 

to the weld bead for 0.95 inch. The crack in the center penetrated the wall and 

was 3/16 inch in length. Another crack was observed 180° at the top of the flange 

on the inside surface running parallel and adjacent to the weld.

Meta nographic Examination

A metallographic cross section of the cracks in the bottom of the flange was made 

and a photomicrograph is shown in Figure 13. Three cracks originated from the

17



Figure 12. Photograph of Flange Showing Dye-Penetrant Indication of a Circum
ferential Crack on the Inside Diameter at the Bottom of the Weld Neck Flange

Note the dark line on the I.D. at bottom--(this was the leaker crack).
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Figure 13. Photomacrograph of the Metallographic Cross 
Section Through the Cracks at the Bottom of Weld Neck Flange
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inside surface with one penetrating the wall of the neck, one showing branching, 

and the third near the weld stopping short of the weld cap on the outer surface. 

The composite photomicrograph in Figure 14 shows the cracks to be intergranular 

in a sensitized microstructure. The crack which penetrated the wall is at the 

outside edge of the heat affected zone of the weld and the crack next to the 

weld stopped short of the weld cap where the area next to the weld was not sensi

tized. Recrystallization of the- microstructure at the inside surface was evident 

along with a cold worked layer as shown in Figure 15.

In addition, several short transgranular cracks were observed on the outside sur

face near the crack which penetrated the wall. These cracks were typical of 

stress corrosion cracks caused by chloride contamination of Type 304 stainless 

steel. The pipe in this area was insulated so that when the pipe leaked, the 

resulting condensate may have leached chlorides from the insulation and contami
nated the pipe sufficiently to cause cracking.

The crack at the top of the flange also was examined, it too was intergranular in 

a sensitized microstructure and stopped short of the weld cap where the area was 

not sensitized next to the weld.

Scanning Electron Microscope Examination

The cracks adjacent to the metallographic cross sections were broken open and 

were examined in the scanning electron microscope (SEM). Energy Dispersive X- 

Ray Analysis (EDAX) were performed on the fracture surfaces and the results are 

shown in Table 1.

The analyses show some copper and small amounts of zinc which probably were trans 

ported into the crack as corrosion products from the condenser tubes. Calcfum 

and sulfur are contaminants from the dye-penetrant while Fe, Cr, and Ni are the 

main constituents of 304 stainless steel.

The above values are based on intensity counts for each element and are not neces 

sarily absolute values. Nevertheless, the values for the fresh fracture surface 

are indicative of the composition of the base metal and can be used for compari

son purposes.
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250X C-6049

Figure 15. Photomicrographs of the Inside Surface 
Showing Cold Worked Layer
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Table 1

CRACK AT BOTTOM OF WELD NECK FLANCE (LEAKER)

Mouth of Crack Tip of Crack Fresh Fracture

Element

Relative
X-Ray

Intensity
(%) Element

Relative
X-Ray

Intensity
(%) Element

Relative
X-Ray

Intensity
(%)

Si 1.9 Si 0.2 Si 0.5

Ca 1.2 Cr 28.4 Cr 27.3

Cr 15.6 Fe 58.9 Fe 66.3

Fe 74.9 Ni 4.1 Ni 5.6

Ni 3.7 Cu 7.6 S 0.3

Cu 1.8 Zn 0.8 A1 trace

Zn 0.9 S trace

A1 trace A1 trace

'he fracture surfaces were then descaled in the alkaline permanganate-ammonium 

ritratesolutions to remove the oxide film. (Previous experience has shown that 

jiesesolutions do not attack the underlying metal.) A SEM photograph of one of 

thefracture surfaces is shown in Figure 16. The cracks clearly propagate inter- 

jranularly with no evidence of striations to suggest fatigue-type failure.

I. DISCUSSION OF RESULTS 

Specimens From Duane Arnold 

Srack Characteristics

:ifteen metallographic specimens were examined from the pipe section containing 

the two ori finally known cracks. All but one of them contained cracks. In sev 

»ral of the specimens multiple cracks were observed. Examination of the cracks 

shows them to be intergranular and located iri the sensitized region adjacent to
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Figure 16. SEM Photographs of the Fracture Surface From 
the Crack at the Top of the Weld Neck Flange
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he weld. The cracks also show branching with a number of secondary microcracks. 

11 these characteristics are typical of intergranular stress corrosion cracks 

hat have been observed by others in welded 304 stainless steel in BWR environ- 

ents (2.)*

ffects of Postweld Grinding
he pipe section containing the cracks was examined on the inner surface in de- 

all. All around the surface the area near the weld appeared to have been ground

0 varying degrees. In the part of the pipe containing the throughwall crack, 

he surface was found to be ground flush with the rest of the pipe. One effect 

f this severe grinding operation is the introduction of a layer of second phase 

presumably strain-induced martensite) on the inner surface. In all of the metal- 

ographic specimens examined, some evidence of the presence of a highly worked 

ayer on the inner surface of the pipe was present. The layer appears to be

ery thin (0.001 to 0.0015 inch in depth) and was of microstructure different 

rom that of the matrix. Microhardness measurements made on these layers also 

onfirmed them to be significantly harder than the matrix (KHN values of 340 in 

:he layer versus 230 in the matrix). It is believed that the presence of such 

, second phase would increase the susceptibility of the 304 stainless steel pipe 

:o IGSCC. In fact, in many parts of these layers, microcracks, or what appeared 

;o be surface imperfections, were observed. It is possible that these cracks 

:ould act as initiation sites for stress corrosion cracks.

lomparison of Results from Non- 
lestructive and Destructive Examinations

’he pipe samples studied at BCL had been nondestructively examined at the reactor 

lite. The section of pipe containing a part wall crack was subjected to nonde- 

;tructive examinations again at BCL. The examination techniques included ultra

ionic, X-ray radiography, and liquid penetrant tests. The results, in general, 

lere in good agreement with the data obtained from metallography.

1 comparison of the results from metallography and the nondestructive examina- 

:ions was shown in Figure 5. Also included in this figure are the results of 

"eactor site examinations. The figure shows that the results, in general, are 

in good agreement with respect to the depths and lengths of cracks.
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Thermal Sleeve from Brunswick

Results from Metallography and SEM

An examination of the photomicrographs shown in Figures 9 and 10 indicates the 

cracks in the flange and pipe to be entirely transgranular in nature. This sug

gests the cracking mechanism could be either stress corrosion or fatigue. Exam

ination of the cracks themselves show very minor branching which is not typical 

of stress corrosion cracking in stainless steels. The cracks are, in general, 

straight, although in some cases deviations from a straight course are observed. 

The cracks, in general, were found to be unrelated to the weld joining the pipe 

to the flange and the heat affected zone associated with the weld. The crack in 

the heat affected zone adjacent to the weld was also found to be transgranular. 

Based on these observations, it is postulated that the cracking mechanism was 

fatigue due to thermal cycling rather than stress corrosion. Confirmation of 

this was obtained by SEM.

Weld Neck Flange from Vermont Yankee

The intergranular nature of the cracking in the sensitized microstructure of the 

wrought material and the failure of the crack to penetrate into the weld metal 

are characteristic of stress-corrosion cracking of stainless steel in boiling 

water reactors. Cracking of the weld flange probably occurred in the static en

vironment associated with this type of fitting. Residual stresses from cooling 

of the weld apparently provided the tensile stress required to produce this type 

of stress corrosion cracking. Cold working of the inside surface, probably from 

grinding, may also have contributed to the tensile stresses. Since a crack also 

was found 180° from the failure at the top of the flange, the tensile stresses 

possibly were a result of slow cyclic bending which could have accelerated the 

cracking. No striations could be found in the microstructure to suggest fatigue- 
type failure.

VI. CONCLUSION

1. Cracks observed in the specimen from Duane Arnold had all the char
acteristics of intergranular stress corrosion cracks in sensitized 
304 stainless steel. Severity of postweld grinding and introduc
tion of second phase material on the pipe inner surface probably 
contributed to cracking. Comparison of results from nondestructive 
examination of the pipe showed good agreement with respect to crack 
length and depth.
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2. The thermal sleeve from control rod return line of Brunswick-2 ap
pears to have cracked by a fatigue mechanism. Source of the 
fatigue stresses are believed to be from thermal cycling experi
enced by the sleeve during reactor operation.

3. Cracking of the weld neck flange from Vermont Yankee was found to 
be due to intergranular stress corrosion. Rediual stresses from 
cooling of the weld apparently provided the tensile stresses 
required.
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FINITE ELEMENT STRESS ANALYSIS OF 4-INCH DIAMETER 
WELDED PIPE WITH PRESCRIBED RESIDUAL STRESSES

Section 1 

INTRODUCTION

George Derbalian, Geoffrey R. Egan, Carlos Aboim-Costa*

The object of this work is to investigate the redistribution of stresses in a 

boiling water reactor (BUR) pipe weldment under different loading conditions and 

different weld geometries when residual stresses are present. The determination 

of stresses and/or strains is a necessary first step for the analysis and under

standing of stress corrosion cracking phenomena occurring in welded BUR pipes.

In this report, we have analyzed a 4“ diameter welded pipe (Type 304 stainless 

steel) using the finite element method and included the residual stress distri

bution as an initial condition in the weld metal and the heat affected zones (HAZ). 

The residual axial stresses are tensile at the weld metal, becoming compressive 

some distance into the HAZ. The local stresses and strains in the pipe for up to 

a maximum applied axial tensile load of 1.36 times the yield stress of the base 

metal have been evaluated. A linear distribution of axial residual stress is 

assumed through the thickness of the pipe that satisfies equilibrium in the axial 

direction of the pipe. Different weld geometries, drop through and suck up, are 

compared. Also, compressive residual stresses on the ID are analyzed as would 

result from Induction Heating Stress Improvement (IHSI) treatments.

*George Derbalian, Senior Engineer, Failure Analysis Associates, Palo Alto, 
California. He received the Ph.D. degree in Applied Mechanics/Civil Engineering 
from Stanford University in 1978.

Geoffrey R. Egan, Group Manaaer, Failure Analysis Associates, Palo Alto, Cali
fornia**. He received the Ph.D. degree from London University.

Carlos Aboim-Costa is a doctoral candidate in Civil Engineering at Stanford Univer
sity. He has received the B.S. and M.S. degrees.

**Presently at Aptech Engineering Services.
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Section 2

ANALYTICAL DESCRIPTION OF RESIDUAL STRESSES 

George Derbalian, Geoffrey R. Egan, Carlos Aboim-Costa

In this Section, we describe the form of the residual stress distribution assumed 

in a welded 4" diameter pipe model shown in Fig. 1. The development of residual 

stress formulas is guided by both experimental (1) and numerical (2) solutions of 

residual stress distributions. This stress description will then be used as the 

starting point for an elastic-plastic finite element analysis of the pipe weld

ment.

Figure I - Geometry, Finite Element Mesh and Loading.
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The analysis uses an axisymmetric model although the experimental data indicate 

that residual stresses vary in the azimuthal direction; we will, however, consider 

a representative angle 0 and proceed with an axisymmetric analysis. This assump

tion will reduce the computational effort and cost. We choose the residual axial 

stresses (&z) to have a separable form as follows:

az = F.(z)G.j(r) , (2.1)

zi-l < 2 < 2 i ’ 

i — 1, 2, 3, . . . »  n ,

where z and r are the axial and radial coordinates, respectively. F. G., are
1 * 1

shape functions defined over the interval 2  ̂ _ j < z < z. and zero elsewhere.

F. describes the attenuation of stress as a function of axial distance from the 

weld centerline and G. describes the profile of the residual stresses through the 

wall thickness. F. and are chosen to be linear functions. The circumferential 

(hoop) stresses are assumed to be the same as the axial stresses.

ae(r,z) = az(r,z) (2.2)

This assumption has been confirmed by the experimental and finite element work of 

Argonne National Laboratory (3_), Battelle Memorial Institute (2) and General 

Electric (1).

The radial residual stresses a and the shear residual stresses r are generallyr rz
an order of magnitude smaller than axial stresses and therefore in this analysis 

we will consider them to be zero, i.e.:

ar = 0 (2.3)

Trz = 0 .

The choice of linear shape functions F. and facilitates the constraint of sat

isfying equilibrium. Let the axial stress j z be:

j 2 = (aiz + bi )(c,r + dj) ', zi _ 1 £  z £ z. , (2.4)
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where a^, bi, c., and d.. are constants. ci and d^ are determined by first requir

ing that the total force in the axial direction at a normal cross section vanishes, 
i .e.,

/ o2r drde 2*(a.z + b.j) (c^ + d..) rdr = 0 , (2.5)

and second normalizing G at the inner radius to be unity, 6(^0 * 1, where r^ 

and rQ are the inner and outer radii, respectively. These conditions give two 

equations and two unknowns for c1- and d .:

O f ■ f t  ■ W  ■ f t

V i 1 ■ rici - di

(2.6)

and the solution is:

(ro
2

ri
2
)

d. = 
i

1 - ciri

(2.7)

F.(z) is defined below with three different intervals, 

stant and positive, implying a tensile residual axial 

and the HAZ nearby at the inner radius.

Note that F^(z) is con- 

stress in the weld metal

F^z) * 36.41 (ksi) 0 < z < 0.089"

F2(z ) = -135.7z + 43.5 (ksi) .089" ± z  ±  .403"

F3(z ) = -6.183 (ksi) .403 < z < .558"

F4(z > = 0 : > .558"
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for z > 0.558", the residual stresses are assumed to be zero. This distance 

corresponds to the beginning of the counterbore for the pipe geometry analyzed. 

The axial stress at the inner radius is shown in Figure 2 as a function of dis

tance from the weld centerline.

o

The maximum normalized principal stress* was computed resulting from the stress 

formulas shown in this Section and compared in Fig. 3 with the results of Gen

eral Electric tests at the inner diameter of a 4” pipe. Stresses compared well 

with the General Electric results.

The stresses formulated here were implemented into a general purpose finite 

element program for the analysis of a 4" diameter welded pipe. A special user 

subroutine was written to supply these residual stresses in an initial condition 

in the pipe. The finite element analysis is described in the next Section.

* The principal stress here is equal to oz.
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t
Weld
Centerline

Figure 3 - Comparison of Maximum Principal Stress Along the 
1.0. With GE Test Results.
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Section 3

FINITE ELEMENT ANALYSIS

George Derbalian, Geoffrey R. Egan, Carlos Aboim-Costa

DESCRIPTION OF MODEL FOR WELD DROP-THROUGH ROOT GEOMETRY

A finite element (FE) mesh was coded to model a 4" diameter pipe using four-noded 

isoparametric elements (4). Only half the geometry was necessary for the analysis 

because of symmetry at the weld centerline. Fig. 1 shows the FE mesh. Different 

element properties were used to model the weld metal, the heat affected zone (HAZ), 

and the base metal. The HAZ was subdivided into elements with different proper

ties to reflect the varying yield strengths in the HAZ. The difference in the 

yield strength in the HAZ is a consequence of the differences in the level of tem

perature, cooling rate, and strain experienced within the HAZ during welding.

Yield stresses are higher near the weld metal and gradually reduce towards the 

base metal. Fig. 4 shows the stress-strain curves developed for each material 

type. These curves are based on the results of tension tests on small samples 

taken from separate regions in the HAZ (5.). Note that the stress-strain curve of 
the base metal agrees well with the General Electric results.

Type 308 Weld Metal

GU Heat
Affected
Zone‘33

47
41
40
3‘j

Type 304 Stainless 
Steel Base Metal

29
23

Stress,a ^  
(ksi)

0
0 4 6

Strain e [%)
8 10

Figure 4 - (bSU°F) Material Stress Strain Properties Used In Analysis.
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The boundary conditions at the weld metal require that the normal (axial) dis

placement and the shear stress tfZ is zero. As discussed earlier, residual 

stresses were formulated such that the condition of zero shear stress is satis

fied.

ANALYSIS AND RESULTS FOR DROP-THROUGH
CONFIGURATION AND RESIDUAL STRESSES WITH TENSION ON THE ID

"As-Welded" Pipe With Crown Removed

The residual stress definitions given in Section 2 were implemented in a general 

purpose, nonlinear finite element program (HARC-CDC) (6) as an initial condition 

using a subroutine that interfaces MARC-CDC. Fig. 5 shows contours with equal 

axial stress for the portion of the FE mesh where residual stresses were prese t. 

Highest stresses are located in the weld metal at the drop-through (on the ID) 

and near the first HAZ region. The stress distribution along the ID is also 

shown. Stresses then gradually diminish away from the weld metal. Note that 

axial stresses near the weld metal become compressive on the OD. The distribu

tion through the thickness at the weld metal is shown in Fig. 5.

Axial Stress Along 
Along the

As Welded 4" - Diameter Welded Pipe 
(pipe i>-yond counter bore not shown)

CTz -L
(ksi) -30-______ ___ _

r

z

30

Distance Along I.D.

Axial Stress 
Along the 
Inner Radius

1 -24.1
2 -18.0
3 -12.0
4 -5.9
5 0.14
6 6.2
7 12.2
8 18.3
9 24.4
10 30.4

Figure 5 - Axial Residual Stress
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The 4" pipe was loaded in tension, as shown in Fig. 2, up to 1.36 times the yield 

stress of the base metal at 550°F. Hence, the maximum applied tension is 1.36(23) 

■ 31.28 ksi. The load was applied incrementally. Yielding began at 18 ksi load 

at the ID in the base metal near the counterbore where the pipe thickness is re

duced. The plastic zone at 1.05 yield load is shown in Fig. 6. The base metal 

which has no residual stresses is plastic. Also part of the HAZ near the base 

metal with lower yield strength has yielded. The weld metal and the adjacent HAZ 

remain elastic.

o =1.050^ 
ay=23 ksi

4-1nch Welded Pipe: Crown Removed

Figure 6 - Plastic Region at 1.05 Yield Load.

Results at 1.05 Yield Load

Plastic strain contours at 1.05 yield are shown in Fig. 7. The first contour with 

Of, plastic strain separates the elastic and plastic zones for this load level. 

Maximum plastic strains which occur in the base metal are of the order of 0.23.

Axial stresses at 1.05 yield load are shown in Fig. 8. The HAZ and the rest of 

the pipe are under tensile axial stresses. The HAZ will first become entirely 

under tensile axial stresses at 10 ksi applied load. The removal of compressive 

axial stresses in the HAZ increases the propensity for cracking. Operating ten

sile loads in a pipe can be as large as 10 ksi. The axial stresses at the fusion 

line at 1.05 yiled load range from 49 ksi at the ID to 18 ksi at the OD. The 

through thickness distribution is also shown in the Figure. Axial strains at 

this load level are shown in Fig. 9; in the HAZ they range from 0.13 to 0.23.
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As Welded 4-Inch Pipe Crown Removed |— ^.Plastic Zone

1 0% 
i U.063«
3 U.lUb*
4 U.147c; 
b 0.189c;

r

z

Figure 7 - Plastic Strain at 1.0b Yield.

Axial
Stress As Welded 4-Inch Diameter Pipe Crown Removed

Figure 0 - Axial Stress at 1.05 Yield.
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Figure 9 - Axial Strain at 1.05 Yield.

Results at 1.36 Yield Load

At 1.36 times the base metal yield load, the entire pipe is plastic. Plastic 
strain contours are shown in Fig. 10 ranging from 0.5% in the weld.metal and the 

first HAZ to 1.8% in the base metal. Axial strains similarly range from 0.5% to 

1.3%, as shown in Fig. 11, indicating that plastic strains were mostly due to the 

axial strains. The strains at this lead level compare well with GE experimental 

results in the base metal region which was obtained by averaging strain gage read

ings at 4 locations (7_). The finite element solution for the HAZ, however, gives 

higher strains than the GE experimental results.

Axial stresses at 1.36 yield are shown in Fig. 12. In.the HAZ, stresses vary 

from 33 to 38 ksi. Plasticity in the weld metal and adjacent HAZ occurs despite 

the higher yield strengths of these materials because of the additional compres

sive hoop stresses in these regions, as shown in Fig. 13. The compressive hoop 

stresses arise from the existance of material with nonuniform yield stresses in 

the pipe (i.e., weld metal, HAZ and base metal have different yield strengths). 
Plasticity commences in the base metal and, therefore, contracts in the circum

ferential direction with an effective Poisson's ratio of 0.5; wnereas tne HAZ 

and weld metal initially remain elastic (because of higher yield stresses) and
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contract in the circumferential direction with the elastic Poisson's ratio of 0.3. 

This difference in Poisson’s ratio creates compressive hoop stresses in the HAZ 

and the weld metal. The effective stress* contours are shown in Fig. 14, indicat

ing that stresses everywhere exceed the initial yield values.

As Welded 4-Inch Pipe Crown Removed

1 0.48%
0.80% 
1.13% 
1.46% 
1.78% i / i  i/ r  r  i r  

I--- / _ l ----)L---
1 1 ! /r  a

U _ U - I aV - ^

Figure 10 - Plastic Strain at 1.36 Yield.

* See Appendix for a definition and meaning of effective stress.
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As Uelded 4-Inch Pipe Crown Removed

z r
1 0.49% 1 lv 9 n mi ------ —1

I ~ l  7  7T 7T\ 7 T T “•
i /  /  ) /  n n  /  L i
/  L ^L -k  S - J

3 1.03%
4 1.30%
5 1.57% ------
6 1.84% 1 /

1---

! I
--- >

/

—. / 7  y  M  f / K  f i 
r v  / / / 1 ) / 1 \ \  i 
J L ---/— J ----6

7 / _ X 7 7 g _ j _ j

1--- 1 -
r L _

1___

/  / ) /  / /<? i j i \ i i

1 2 3 4 4 4 5

z

Figure 11 - Axial Strain at 1.36 Yield.

a2(ks i)

1 28. U
2 33.1
3 38.3
4 43.4
5 48.5
6 S3.6

r

As Uelded 4-Inch Pipe Crown Removed

Figure 12 - Axial Stress in 4-Inch Welded Pipe at 1.36 Yield.
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1
2
3
4
5
6 
7

r

As Welded 4-Inch Pipe Crown Removed

Figure 13 - Hoop Stress at 1.36 Yield.
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o(ksi)

1 30.1
2 34.7
3 39.2
4 43.7
5 48.2
6 52.7

As Welded 4-Inch Pipe Crown Removed 

6 5 4 3

----- w-z

50

Effective 
Stress Along 
I.D. (ksi) 30

20

10

0

— 1

Zm/v/k iN
I

 
j

T

---<-

//

- h i z r  x d
5 4 3 ~^2 1

Figure 14 - Effective Stress at 1.36 Yield.

Comparing axial stresses in the HAZ at 1.05 and 1.36 yield load (Fig. 8 and 

Fig. 12), we notice that at 1.36 yield load the stresses are lower on the ID and 

more uniformly distributed, ranging from 33 to 38 ksi, whereas the maximum axial 

stress at 1.05 yield load is 49 ksi at the ID near the fusion line reducing to 

only 17 ksi at the 00. Recall that initially the residual stresses were compres

sive at the OD.

"As-Welded" Pipe With Crown

A similar 4" diameter pipe with a weld crown was analyzed to study the effect of 

the crown on the stress redistribution. It was found that the weld crown has 

little influence on the stresses. Fig. 15 shows the contours of axial stresses 

at 1.05 yield. At the ID near the fusion line, the axial stress is 51 ksi com

pared to 49 ksi (see Fig. 8) without the crown.
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ANALYSIS AND RESULTS FOR WELD DROP-THROUGH
CONFIGURATION AND RESIDUAL STRESSES WITH COMPRESSION ON
THE ID (TENSION OD) AS WOULD REAULT FROM INDUCTION HEAT STRESS IMPROVEMENT

In this section, we will present FE analysis of a 4" welded pipe which has com

pressive residual axial stresses on the ID and tensile axial stresses on the OD 

as would result from Induction Heat Stress Improvement (IHSI). The residual 

stresses were formulated according to the method described in the Section entitled 

ANALYTICAL DESCRIPTION OF RESIDUAL STRESSES. However, the radial distribution Gi 

of the axial stress oz « F^z) G..(r) (see Eq. 2.1) was normalized at the outer 

diameter instead of the inner diameter. Hence, G^(rQ) = 1, replaces the second 
equation in Eq. 2.6 and:

Fj(z) = -31.75 (ksi) 0 < z  <0.089" (3.1)

F2(z ) = 118.3z - 42.27 (ksi) 0.089" < z <0.0403 (3.2)

F3(z ) = 5.391 (ksi) 0.403" < z < 0.558" (3.3)

F4(z ) = 0 z >  0.558" (3.4)

The FE mesh, material properties, and boundary conditions are the same as those 

described in the sub-Section entitled Description of Model for Weld Drop-Through 
Root Geometry (see Fig. 1 and 4).
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Residual stresses were included as an initial condition in the finite element 

mesh. Fig. 16 shows the axial residual stress contours in the pipe. Stresses 

gradually change from tension in the OD to compression in the ID. The magnitude 

of axial stress decreases away from the weld centerline.

Axial Stress Along

8 12.6 
9 *d.S

Figure 16 - Axial Residual Stress, Tension O.D. 10 24.3

A uniform tensile axial stress was applied on the pipe as shown in Fig. 2 and 

incrementally increased with identical load steps that were used in the pre
vious FE analyses.

Yielding begins at 14 ksi applied stress (compared to 18 ksi for the as-welded 

residual stress distribution described in the sub-Section entitled ANALYSIS AND 

RESULTS FOR DROP-THROUGH CONFIGURATION AND RESIDUAL STRESSES WITH TENSION ON THE 

ID), and commences near the counterbore in the base metal at the reduced cross- 

section. Also at 14 ksi applied stress, the HAZ will be entirely under tensile 

axial stress, i.e., the compressive residual stresses are overcome by the applied 

tensile stresses. This load represents approximately the operating load conditions.
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Results at 1.05 Yield

At 1.05 yield load, the base metal completely yields. Also, part of the HAZ 

near the base metal is plastic as shown in Fig. 17. Plastic strain contours are 

shown in Fig. 18 where the elastic plastic domains are separated by the zero plas

tic strain contour, numbered 1. Maximum plastic strains that occur in the base 

mecal at this load are 0.3%. Axial stress contours for this load are shown in 

Fig. 19. Along the fusion line, stresses vary from 0 at the ID to 40 ksi tension 

at the 0D. Away from the fusion line in the HAZ, axial stresses are about 25 ksi. 

Axial strains at 1.05 yield are shown in Fig. 20. Maxirum strains occur in the 

base metal and they are about .35%,
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1
2
3
4
5
6

0%
0.06*
0.12%
0.18%
0.24%
0.30%

0.2’4%

Figure 18 - Plastic Strain at 1.05 Yield (IHSI).
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Figure 19 - Axial Stress at 1.05 Yield (IHSI).

1 0.078%
2 0.120%
3 0.161%
4 0.203%
5 0.244%
6 0.286%
7 0.328%

r a

z

Figure 20 - Axial Strain at 1.05 Yield (IHSI)
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At 1.36 yield load, the entire pipe yields. Axial stresses are shown in Fig. 21. 

In the HAZ, stresses range from 0 near the weld metal at the ID to 45 ksi at the 

00 near the weld metal. Plastic strains are shown in Fig. 22. In the HAZ, they 

are about 0.5% and maximum strains in the base metal are 2%. Plasticity occurs 

in the weld metal and HAZ nearby because of large compressive hoop stresses as 

discussed earlier.

Results at 1.36 Yield

3 0.1
4 20.3
5 32.5
6 44.7
7 56.9

Figure 21 - Axial Stress at 1.36 Yield (IHSI).
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Analysis of Suck-Up Configuration in an “As-Helded" Pipe

The FE mesh shown in Fig. 2 with the drop-through configuration was converted to 

a suck-up configuration at the weld bead a» shown in Fig. 23, which shows only 

the segment of the overall pipe where residual stresses were included.

Material properties and loading history are the same as in the sub-Sections 

entitled ANALYSIS AND RESULTS FOR DROP-THROUGH CONFIGURATION AND RESIDUAL 

STRESSES WITH TENSION ON THE ID and ANALYSIS AND RESULTS FOR WELD DROP-THROUGH 

CONFIGURATION AND RESIDUAL STRESSES WITH COMPRESSION ON THE ID (TENSION OD) AS 

WOULD RESULT FROM INDUCTION HEAT STRESS IMPROVEMENT. Because of minor changes 

in the FE mesh (suck-up compared to drop-through), the residual stresses are also 

slightly modified. Fig. 24 shows the axial residual stresses. Maximum stresses 

occur at the suck-up and adjacent HAZ at the ID. Axial stresses gradually change 

from tension on the ID to compression on the OD in the weld metal and part of the 

HAZ next to the weld metal.

At 1.05 yield load, axial stresses are shown in Fig. 25. At the ID near the suck- 

up, stresses are large (58 ksi) due to the discontinuity there and the initially 

tensile residual stresses. The HAZ is entirely under tensile axial stress at this 

load ranging from 20 ksi to 48 ksi. Axial strains are shown in Fig. 26. At the 

suck-up, the strains approach 0.15" due to the geometric discontinuity. In the 

HAZ, strains range from 0.1% to 0.15%. The maximum strains at the base metal are 

0.23%. At 1.05 yield load, the base metal and part of the HAZ are plastic, as 

shown in Fig. 27.
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Figure 23 - Finite Element Mesh for Suck Up Geometry.

Axial

7 10.5
8 16.4
9 22.2

Figure 24 - Axial Residual Stress, As Uelded Pipe. ^
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o2(ksi)

1 - 6.0
2 4.7
3 15.3
4 26.0
5 36.7
6 47.4
7 58.1

r

z

As Uelded Pipe

Figure 25 - Axial Stress at 1.05 Yield.

1 0.079%
2 0.103%
3 0.128%
4 0.152%
5 0.177%
6 0 .202%
7 0.226%

r

*- z

Figure 26 - Axial Strain at 1.05 Yield.
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At 1.36 yield load, the entire pipe yields. Axial strains in the base metal are 

about 1.8%, as shown in Fig. 28. The axial stresses at 1.36 yield are shown in 

Fig. 29. Along the fusion line, they range from 36 ksi to 42 ksi. The result of 

the suck-up model analysis indicates that the weld bead geometry does not play an 

important role in the stress redistribution. The stresses in the HAZ are similar 

to the case with a drop-through configuration. However, locally at the suck-up, 

large stresses and strains result due .,o the geometric discontinuity.

1
2
3
4
5
6 
7

0.48%
0.70%
0.92%
1.14%
1.36%
1.58%
1.80%

z

Figure 28 - Axial Strain at 1.36 Yield.
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c.(ksi)z

I 16.0 1 c
2 22.5 1
3 29.0 2

1
4 35.5
5 42.0 3 L
6 48.5 |
7 55.0 4 h

5 i
6

/

/ I

2- 7T7f~ 7f ~r {" H

6 5

•z

Figure 29 - Axial Stress At 1.36 Yield.

SUMHARY OF FINITE ELEMENT ANALYSIS

Table 1 summarizes the important results of the FE analysis. The load at which 

the entire HAZ becomes under tension is stated for each geometry and residual 

stress distribution analyzed. Results show that more tensi';.' applied load is 

required in the case of IHSI to remove the initially compressive residual stresses 

and, furthermore, the peak stresses are generally lower for the IHSI case than 

the as-welded pipe. Hence, the IHSI seems to ameliorate the intergranular stress 

corrosion cracking (IGSCC) problem. While the ID stresses are lower for IHSI 

compared to the "as-welded" pipe, the OD stresses in contrast are higher for the 

IHSI.

The weld crown and bead gemoetries seem to have an insignificant effect on the 

stress redistribution.
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Table 3-1

FINITE ELEMENT ANALYSIS SUMMARY

As Welded Pipe 
no crown 

Drop Through

As Welded Pipe 
with crown 
Drop Through

As Welded Pipe 
with crown 
Suck-up

IHSI
Pipe witn cro\ 
Drop Through

First Yield 
Load 18 ksi 18 ksi 19 ksi 14 ksi

Results at 
1.05Oy

Peak Stress ID 49 ksi SO ksi 48 ksi 25 ksi

Peak Stress OD 
(In HAZ)

31 ksi 31 ksi 29 ksi 40 ksi

Results at
1.360y

Peak Stress ID 38 ksi 44 ksi 42 ksi 33 ksi

Peak Stress OD 
(In HAZ)

40 ksi 42 ksi 42 ksi 45 ksi

Load for which 
HAZ is entirely 
under tension 10 ksi 8 ksi 8 ksi 14 ksi
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Section 4

CONCLUSIONS

George Derbalian, Geoffrey R. Egan, Carlos Aboim-Costa

A finite element (FE) analysis of a 4" welded pipe w H h  residual stresses has 

been completed for an applied uniform tensile axial load of up to 1.36 times the 

yield stress of the pipe (base metal) at 550°F. Different weld geometries and 

different residual stress distributions were considered. Important assumptions 

and results are suitmarized below.

Assumptions

o An axisymmetric model of a 4" diameter welded pipe was assumed, 
even though data show variations of residual stress with the cir
cumferential angle.

o The variation in the axial residual stresses in the radial direction 
is assumed to be linear and the stresses to be in equilibrium (in the 
axial direction of the pipe). Such residual stresses were included 
in the finite element analysis as initial conditions.

o At every location in the pipe, circumferential (Hoop) residual 
stresses are assumed to be the same as axial stresses.

o Different material properties are assigned for the weld metal, heat 
affected zone and the base metal.

o Maximum residual axial stresses ranged from 30 ksi to 35 ksi for the 
different cases studied.

Results of Analysis

o With all geometries (drop-through, suck-up, and pipe with or without 
weld crown and IHSI) at 1.05 times the base metal yield stress load 
at 550°F, the HAZ is partially plastic adjacent to the base metal.
At 1.36 yield load, the entire pipe yields.

o Plasticity at 1.36 yield load occurs in the high strength regions 
(weld metal and nearby HAZ) in spite of their large yield strengths 
(53 ksi for weld metal) because of large compressive hoop stresses 
that combine with the axial stresses and raise the equivalent stress 
to the yield point. Compressive hoop stresses arise due to the 
difference in effective Poisson's ratio between elastic and plastic 
regions while the pipe is being loaded.
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o For an "as-welded" pipe at 10 ksi applied tension the entire HAZ 
was under tension (i.e., compressive residual stresses were over
come by tension), and hence the HAZ had increased propensity for 
cracking.

o At 18 ksi applied load, the "as-welded" pipe experienced initial 
yielding at the counterbore region where the cross section area is 
reduced. With additional loading, the base metal and the adjacent 
HAZ yielded.

o The study of a pipe with residual stresses that are compressive at 
the inside surface in the HAZ and tensile at the outside, as would 
result from Induction Heating Stress Improvement, indicates that 
at 1.05 yield load, axial stresses along the inside at the HAZ are 
smaller than the corresponding stresses for an "as-welded" pipe.
For IHSI, along the inside surface and in the HAZ, axial stresses 
ranged from 0 to 25 ksi whereas for the "as-welded" pipe, stresses 
ranged from 32 ksi to 49 ksi. In both cases ("as-welded" and IHSI 
pipes) compressive stresses in the HAZ were removed when the applied 
axial stress was increased to 14 ksi.

o Finally, an "as-welded" pipe with a suck-up weld bead was loaded 
in tension to 1.36 yield of the base metal to study the influence 
of bead geometry. The resulting stresses and strains were generally 
similar to a pipe with a drop-through weld configuration. This 
leads to the conclusion that the weld bead geometry does not play 
a significant role in stress redistribution. Only locally at the 
suck-up were there some high stresses due to the geometric discon
tinuity.

o Two welded pipes with and without crowns were compared. It was con
cluded that the weld crown has little influence on the stress redis- 
tribution.

o The axial strains in the base metal for "as-welded" pipe were com
parable to GE experimental results at 1.36 yield, with strains rang
ing from 1.5% to 2%. However, the numerical results predicted 
higher strains in the HAZ. The GE data are based on strain gage 
readings at 4 locations around the circumference. Considering the 
large variation of residual stresses and/or strains along the cir
cumference, the averaging scheme may not be sufficient; therefore, 
the comparison is not conclusive. Furthermore, the numerical analy
sis attempts to use the most significant azimuth implying that the 
residual stresses in the numerical analysis could be on the average 
on the high side.
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Appendix A

THE MEANING OF THE EQUIVALENT OR VON MISES STRESS

George Derbalian

For elastic perfectly plastic material behavior, in the case of uniaxial stress 

the stress component cannot exceed the yield stress oQ in magnitude. More gener

ally, under combined stresses, biaxial or triaxial state of stress, there will 

exist some function of stress components f(o..) which characterizes the yield
® J

condition. Stress distributions for which this function is less than a certain 

critical value are elastic, stress distributions for which it equals the critical 

value are plastic, and the material cannot tolerate stress distributions for 

which the critical value is exceeded.

It is convenient to give this yield function a geometrical interpretation.

Let us consider a stress space with coordinate o^.. The state of stress at a par 

tide is then represented by a point with coordinates a^. The yield surface 

given by f(o..) = k is known to be convex in shape. If the stress point is in
• J

the interior of the yield surface, the material behaves elastically. If the 

stress point lies on the yield, surface material flows plastically. The stress 

point is not allowed to be outside the yield surface; however, the surface itself 

may expand or move with continued plastic flow.

These situations arise when the material strain hardens. In the simple case of 

an elastic perfectly-plastic material, the yield surface remains fixed (i.e., 

k remains a constant).

One of the most commonly accepted yield criteria is due to Von Mises. The yield 

function in this case is given by the equivalent Von Mises stress:
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where s.^* denotes a deviatoric stress component given by s.j = o - 5
ij

_KK

3

In the special case of uniaxial stress (o - o and all other stresses vanish),U
the equivalent stress og 3 oQ. The convenience of the above definition now 

becomes apparent. If the equivalent stress equals the yield stress as measured 

in a uniaxial tension test, the material yields and flows plastically. The 

parameter k above denotes the current yield. For continued plasticity, the yield 

surface for an isotropically hardening material expands about the origin (i.e., 

k increases) according to the uniaxial stress-strain behavior of the material.

* Repeated subscripts imply summation i, j = 1, 2, 3. 

(l if i = j
**6.. = j Kronecker delta

J 10 otherwise
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