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ABSTRACT

This paper considers the problem of intergranular stress corrosion cracking,

initiated on the primary side, in the expansion transition region of roller

expanded Alloy 600 tubing. In general it is believed that residual stresses,

arising from the expansion process, are the cause of the problem. The work

reported here concentrates on the identification of an optimal, in-situ stress

relief treatment.

INTRODUCTION

At least five power plants have reported SCC of the expansion transition

region initiated on the primary side (1-5). Examining the data on these plants

indicates cracking is detected after a service life of approximately three years

(1-3). Although many remedial solutions are problematic, implementation of an

in-situ stress relief heat treatment of the transition region is technologically

feasible. Therefore the outstanding consideration is the stress relief heat

treatment (SRHT) itself and its optimization in terms of both the tube and tube

sheet materials. Stress relieving in-service steam generators presents

additional problems such as adve se reactions in the sludge accumulated within

the tube-to-tube sheet crevice and the fact that a tube may be "locked-in" by

•corrosion at the tube sheet or at the first tube support plate. This paper is

restricted to considering new steam generators.

*This paper is adapted from a paper submitted to the 9th International Congress

on Metallic Corrosion,
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There are three principal methods of achieving tube expansion: roller.

hydraulic and explosive expansion. Roller expansion has been used extensively

(6). Ber*e and "onati have examined the residual stresses in the transition

region of roller expanded tubine (7). They report that roller expansion

introduces longitudinal tensile stresses on the outer surface and

circumferential tensile stresses on"the inner surface- with maximum values in

excess of 150 MPa (*50% of the yield stress of mill annealed Alloy 600 tubing).

Scott. Wolgemuth and Aikin (8) consider explosive expansion would also produce

high residual stresses, varying from joint to joint. They indicate that, the

hydraulic expansion methods examined by them could be more acceptable. As yet

no correlation has been made between expansion method and susceptibility to

primary side SCC. Since roller expansion has been used extensively, conditions

for stress relief of the roll transition region are discussed here. Stress

relief using induction heating has the advantages of being very rapid, clean and

localized. The implementation of an in-situ SRHT using induction heating' has

been investigated and the results are reported here.

EXPERIMENTAL PROCEDURE

Conditions for Stress Relief of Alloy 600 Tubing

In this work a simple test procedure was adopted. The adopted procedure

rapidly identified temperature-time combinations giving stress relief by

utilizing the observation that sensitized Alloy 600 is susceptible to SCC in a

sulfur containing environment (9). This permitted the number of stress level

evaluations and tests under simulated PWR conditions to be limited to cases

where the effectiveness of a SRHT was essentially assured.

Alloy 600 was therefore heat treated in a sealed quartz capsule containing

argon, at a temperature of 1177°C for 20 minutes, rapidly water quenched, re-

encapsulated and then heated at 677 °C for two hours followed by air cooling-

Preliminary conditions for stress relief were determined: 1) by heat treating

sensitized U-bends in a muffle furnace and 2) by induction heating of expanded

sensitized tubing. Tubing specimens were roller expanded into a steel sleeve

with a central hole drilled to typical tube sheet specifications (Fig. 1). This

was used to simulate the restraints typical of a tube sheet. The type of

expander used is shown in Fig, 2.



Initially induction heating of the transition region was carried out with

the steel sleeve removed. Conditions, giving stress relief of expanded tubing

only were further evaluated for the case of tubing heat treated- while retained

in the steel sleeve. In both cases temperature control was obtained by

attaching thermocouples to the tube surface. Attachment was achieved by

capacitance discharge welding. The optimum location for the induction coil was

to place it so that its midpoint (lengthwise) was adjacent to the roll

transition. Other positions resulted in either long times to temperature or

overheating with melting.

Temperatures for stress relieving nickel alloys range from 425-870°C and

for Alloy 600 are 760-870°C for times of 1-2 minutes followed by air cooling

C10). Temperatures within and below this latter temperature range were

therefore investigated in detail with the effectiveness of a particular SRHT

determined by resting for susceptibility to SCC following exposure to a solution

of sodium tetrathionate (Na2S4O6). The ability of a <?RHT to cause

desensitization and hence immunity to SCC was examined by heat treating several

samples before expansion. Where stressing followed a SRHT. cracking was

observed in the roll transition region in the case of expanded tubing and at the

apex of u-bends. Thus desensitization was not responsible for the lack of

cracking and the heat treatment applied was one giving stress relief (11).

Using sensitized U-bend specimens a broad range of stress relief heat

treatments was identified (Fig. 3). At the lowest temperature investigated-

700°C, five minutes at temperature was necessary compared with 30 seconds at

850°C. Similar results on sensitized tubing indicated that a SRHT at

temperature T in °C for time t in seconds obeys the fortuitous relationship T =

m log t + c.

In common with similar work by Berge and Sonati (7), evaluation of a SRHT

was further tested using 304 stainless steel where the effectiveness of the

stress relief process was determined following exposure of 304 stainless steel

to boiling magnesium chloride (MgCl2). Expanding as-received 304 stainless

steel tubing in the steel sleeve and exposing the inner surface to boiling

MgCl2 for four hours resulted in SCC in the roll transition region. Therefore

four hours exposure to boiling MgCl2 was used for subsequent testing for SCC

susceptibility of notionally stress relieved 304 stainless steel tubing. The



same SRHTs. which were identified by working with sensitised Alloy 600 tubing

exposed to Na2S4O$. either in or out of the steel sleeve, were found to be

effective whan applied to 304 stainless steel (Fig. 4).

Identification of Adverse Effects

In order to determine the optimal stress relief heat treatment, both tube

and tube sheet material have to be considered in terms of whether an in-situ

heat treatment will be detrimental, on balance- rather than beneficial. The

approach taken in the case of Alloy 600 was to examine the effect of identified

SRHTs (see previous section) on microstructure and. in particular, the degree of

sensitization as determined by an electrochemical potentiokinetic reactivation

(EPR.) method, previously applied to sensitized Alloy 600 (12). With respect to

the tube sheet, typical tube sheet materials were identified and a mock tube

sheet assembly machined and set up in order to determine radial and longitudinal

heat distribution during a stress relief treatment (Fig. 5).

As-received (mill annealed) Alloy 600 tubing was stress relieved by

induction heating the expansion transition under simulated steam generator

conditions. The microstructure was examined in five locations: expanded and not

heat treated- expanded but heat treated., the heat treated expansion transition,

not expanded but heat treated, and not expanded and not heat treated (see Fig.

G). The most significant effect on microstructure was found to be limited to

the transition region itself and then only at the higher temperatures of 800°C

and 850°C: however, heat treating at 800°C also affected the microstructure of

the area heat treated but not expanded (location D, Fig.6). whereas at 85O°C for

30 seconds the whole length showed microstructural changes. The effect of each

SRHT on the microstructure of the transition region is exemplified in Fig. 7,

The degree of sensitization as determined by the EPR method used is shown in

Fig- 8.

From austenite transformation kinetics for typical tube sheet materials.

A508 Class 2 and A336 Class F22, it can be estimated that heat treatments,

involving temperatures higher than the Acl temperature for either alloy- would

be potentially detrimental to microstructure and mechanical properties.

However. Hie SRHT taking the least time i-e. 30 seconds (at 850°C), is

preferable in practical terms where thousands of tubes per steam generator will



be heat treated. Based on practical considerations of minimizing the time

necessary to stress relieve a complete steam generator, the heat distribution

resulting from applying the high temperature heat treatment of 850°C for 30

seconds was investigated. The results therefore represent the worst case with

respect to the tube sheet. The heat distribution obtained from heating the

assembly for 30 seconds at 850°C is shown in Fig. 9. The time to reach 850°C as

measured and controlled at the thermocouple embedded in the tube wall (TC 1) is

of the order of 12 seconds (Fig. 9). Heating is localized to the steel adjacent

to the tube, in the first layer (Fig. 9b). It can be seen that for the worse

case conditions, for the steel with the lower A.ci temperature of 700°C that

this Acl is exceeded for approximately 20 seconds. Thus the lower heat

treating temperatures i.e- 800"C to 700°C are more acceptable, depending on

tube sheet material.

DISCUSSION

Using either sensitized Alloy 600 or 304 stainless steel, conditions

ranging from 700°C for 4 minutes to 850°C for 30 seconds, using induction

heating, have been found to provide stress relief in the expansion transition

region of roller expanded tubing. Under the same conditions heat treating

expanded mill annealed tubing has revealed unacceptable grain growth from

temperatures higher than 750°C- Sensitization does not appear to have occurred

(Fig 8} but this is under further investigation.

Based on the data obtained from heating the mock tube sheet assembly the

utilization of the shorter time but higher temperature heat treatment of 850°C

for 30 seconds would be potentially detrimental to typical tube sheet materials

(Fig. 9). The conclusion to be drawn from all these observations is that

either 700°C or 750°C represents a near optimum temperature. One other

important factor to be considered is the acceptance of thermally stabilized

Alloy 600 for new steam generator applications i.e. mill annealed tubing heat

treated at 7n4°C for 18 hours (or 720°C for 12 hours in France). Based on the

data available it is unlikely that a further few minutes at 700°C or 750°C for

stress relief of the expansion transition will have any effect (13).

Tests are now being completed to enable the optimal conditions to

be identified, stress relieving at 750°C has been most actively pursued because



this would be effective in a shorter time (2 minutes) compared with heating at

700°C (4 minutes). Evaluation of the stress level is being performed in

coiuunction with testing under FUR conditions. The decision as to whether

s reduction rather than removal is preferable in relation to operating

3ta has ,yet to be made. Since experience in heat treating tubing in an

•ting ate m generator already exists (14), there are no maior obstacles to

.in in-situ stress relief heat treatment.

CONCLUSIONS

1- Induction heating can be used to obtain temperatures suitable for stress

relieving Alloy 600 in the field.

2. The present results show optimal temperatures for stress relief heat

treating are in the range 700°C to 75O°C.
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Fig. 3 Comparison of typical stress relief ' =at
treatments. Sensitized Alloy 600 D-bends
immersed In 0.1K Na2S4O6 for 1 day at 30°C
(upper U-bend loaded after heat treatment)

Fig. 1 Steel sleeve dimensions, to or over
typical tube sheet dimensions
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Fig. 2 Line drawing of tube expander Fig. A Stress relief of expanded 304 stainless
steel. Heat treated and exposed to 422
MgCl2 at 155°C still retained in steel
sleeve. (Cracks detected using visual
inspection and dye penetrant.)
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Fig. 5 Mock tube sheet assembly. Plan view.
Numbers indicate positions of thermo-
couples. Thermocouple ill is embedded
in the tube vail and 03 measures the
maximum temperature experienced by the
tube sheet. Thermocouples are located
in A layers. Layer 1 is adjacent and
in the same plane as the central part
of the heating coil; layers 2 - 4 are
1", 3" and 5" respectively displaced
from the plane of layer 1.
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Fig. 6 Microstructural examination at 5 loca-
tions.
A - expanded, not heat treated
B - expanded and heat treated
C - heat treated expansion transition
D - not expanded but heat treated
E - not expanded, not heat treated

350X

Fig. 7 Microstrueture of tubing at expansion
transition (52 Nital etch)

a - Microstructure typical of mill
annealed (MA) tubing, MA + stress re-
lief ac 700°C for It minutes or 750°C
for 2 minutes

b - Microstructure typical of MA +
stress relief at 800°C for 1 minute or
850°C for 30 seconds
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Fig. 8 Determination of sensicizacion in 20Z
H2SO4 with 0.01Z KSCN as depassivating
agent. Polarization curve recorded
with decreasing potential (0.55 mV s~l)
after 15 minutes-at 1000 mV (see).
Curves B S. C represent two extremes of
stress relief heat treatment.
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Fig. 9 a - Results of heating mock tube sheet
assembly for approximately 30 seconds
at 850°C (RUN 1). Thermocouple (TC)
1, embedded in the tube wall, measures
and controls the induction generator
output. TCs 3 and 9 record the highest
and lowest temperatures experienced by
the tube, sheet in layer 1 (see Fig. 5)

b - Temperature profile for the 4 layers
of the assembly with steady state con-
ditions at TC 1 (see Fig. 5). Results
show heating is' confined to layer 1,
within a small annulus (annulus dimen-
sions - inner radius approximately 0.4"
outer radius of approximately 1").


