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1.0 1NTRODUCTION

A safe-end forging removed from a recirculation inlet nozzle of the

reactor vessel at the Duane Arnold Energy Center was submitted to Southwest

Research Institute by Iowa Electric Light and Power Company. Through-wall

cracking of this component had developed in service. A diagram of the re-

circulation inlet nozzle with the attached safe-end and thermal sleeve is

shown in Figure 1-1.

The safe-end sample, shown in Figure 1-2, was identified as recircu-

lation inlet nozzle 2A. Penetration of the wall of the safe-end had oc-

curred over approximately 85" of the outside surface (from 75* clockwise to

160*). The appearance of the crack on the outside surface is shown in

Figure 1-3.

The safe-end and thermal sleeve materials were specified as Inconel 600

to meet the requirements of ASME SB 166. The thermal sleeve attachment weld

was reported to have been made with Inconel 182 stick electrodes. In the

initial fabrication of the safe-end a repair weld was made on the outside

of the forging to cocrect a machining error. This repair weld was visually

evident on the outside of the sample, see Figures 1-2 and 1-3.

A metallurgical examination of the safe-end was initiated to establish

the nature and extent of the cracking and to identify the mechanism and

cause of failure. This investigation included ultrasonic inspection of the

safe-end sample, chemical analysis of the safe-end and thermal sleeve ma-

terials, and metallographic examinations of representative sections through

the thermal sleeve attachment area. Fractographic examinations of represen-

tative crack surface specimens and analyses of surface deposits were also

pe r f o rmed .

The locations of the metallographic sections and the crack surface

specimens examined in this investigation are indicated in Figure 1-4. All

saw cutting operations performed in the removal of these specimens were

performed without lubricants to prevent contamination of the sample. The

sample was radioactively contaminated so that it was necessary to perform

all saw cutting and specimen grinding operations in a special radiation con-

tainment facility.

-
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2.0 _ MACROSCOPIC ASPECTS OF CR CKING

2.1 Nondestructive Inspections

A radiographic inspection of the safe-end was performed on
site at t e Duane Arnold Energy Center after removal of the safe-end sample

from the reactor vessel. This inspection identified major cracking over

approximately 280* of the circumference. No identifiable crack indications

were noted in the region extending from 270 to 345 . Copies of repre-

sentative portions of the radiographs are included in Appendix A.

A limited ultrasonic inspection of the safe-end sample was

performed after receipt at SwRI. A 1.5 MHz transducer was employed in the

inspection and the sound beam was directed from the large end toward the

smaller end. The cracking in the safe-end was readily detectable by this

technique. Particular attention was paid to the zone in which no definite

radiographic crack indications were obtained. Definite ultrasonic crack

indications were noted over the entire segment from 270 to 0 , establishing

that major cracking extended completely around the inside surface of the

safe-end.

2.2 Crack Location and Configuration

A total of eleven longitudinal sections were examined macro-

scopically to establish the general location and confib ration of cracking.

As shown in Figure 1-4, the particular sections included locations near

each end of the through-wall portion of the crack and sections selected on

the basis of the radiographic crack indications to provide for evaluation
,

over the complete circumference.+

A diagram of a typical longitudinal section, showing the

relative positions of the attachment weld, crevice, and repair weld is

shown in Figure 2-1. Macrographs of representative sections are shown in

Figures 2-2 through 2-5. Additional macrographs are included in Appendix B.

Major cracking was evident in all of the sections examined.

At all locations, the crack originated near the tip of the crevice adjacent

to the attachment weld and extended outward through the safe-end wall. In that

portion of the through-wall crack extending from approximately 125 to 160*,
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the later stages of cracking propagated through the repair weld, see

Figures 2-2, B-1(b), B-1(c) and B-1(d) . In the zone from approximately

75 to 125* crack propagation occurred completely within the safe-end

base metal and penetrated the outside surface adjacent to the fusion line

of the repair weld, (Figure 2-3).

The crack length 4 ' remaining ligament (radial distance

from the crack tip to the outside rface) were measured in all eleven
sections. The results are plotted in Figure 2-6. Examination of sections

5-5, 8-8, 9-9, 10-10 and 11-11 verified the existence of major cracking in

the zone from 270 to 330 . The radiographic inspection of this area did

not reveal definite crack indications.
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3.0 MATERIALS CHARACTERIZATION

3.1 Chemical Composition

Samples of the safe-end, thermal sleeve, attachment weld
metal and repair weld metal were analyzed to determine the bu'.k chemical
composition. The results of these analyses are presented in Table 3-1
together with the composition limits specified by ASME SB 166 for wrought
Inconel 600 and by AWS-5.11-76 for as deposited Inconel 182 weld metal.

These analyses established that both the safe-end forging
and the thermal sleeve material conform to the compositional requirements

of SB 166. It was reported that Inconel 182 stick electrodes were em-
ployed for the weld repair and thermal sleeve attachment weld. The com-
position of the attachment weld conforms to the specified composition for
deposited ENiCrFe-3 weld deposit metal (Inconel 182) in all respects. The
composition determined for the repair weld meets the requirements for
ENiCrFe-3 except for a slightly low manganese content.

3.2 Microstructure

The typical microstructure of the safe-end forging, as observed
at locations remote from the velds, is shown in Figure 3-1. The micrographs

shown illustrate the microstructural features revealed by dual etching. The

specimens were polished and etched in 10% nital and examined on the optical
metallograph. Subsequently, the specimens were repolished, reetched in 8:1
phosphoric acid, and examined at the identical location to provide a direct
comparison of microstructural features revealed by the two etching techniques.

The 10% nital etch will delineate grain boundaries in Inconel

600 regardless of the heat treating condition. The phosphoric acid etch
selectively attacks precipitated carbides in the microstructure. As a re-
sult, grain boundaries and other microstructural features are delineated by
this etch only if they are decorated with precipitated carbides. Thus, the
lack of any grain boundary etching effect with the phosphoric acid etch, at
a location where grain boundaries have been identified by a nital etch, is
a specific indication of a fully solution treated microstructure.



TABLE 3-1

CllEMICAL COMPOSITION

Composition - Wt.%
Item

Ni Cr Fe Co C Mn Cu Si S
,

Safe-end 74.82 15.18 8.61 0.06 0.07 0.18 0.13 0.29 0.005

'
Thermal Sleeve 77.42 14.8F 6.98 0.04 0.07 0.28 0.01 0.15 0.005

ASME SB-166 72.0 14.0- 6.0- Incl. 0.15 1.00 0.50 0.50 0.015
Min. 17.0 10.0 w/Ni Max. Max. Max. Max. Max.

Repair Weld 70.46 14.54 8.21 0.04 0.05 4.80 0.06 0.53 0.008

Attachment
Weld 67.90 14.48 8.16 0.03 0.05 7.10 0.16 0.51 0.018

AWS-5.11-76 59.0 13.0 10.0 0.12 0.10 5.0- 0.5 1.0 0.015
ENiCrFe-3 Min. 17.0 Max. Max. Max. 9.5 Max. Max.

L_

Ut
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The safe-end material exhibits clearly delineated grain bound-

aries after the phosphoric etch, (See Figure 3-1). At some grain boundary

locations, relatively large, discrete carbide particles are evident. Exten-

sive matrix carbides are also resolved after the phosphoric acid etch. This

observed condition is consistent with the fact that the safe-ena was subjected

to two 1100*-1175* stress relieving operations with a total time at temper-

ature of approximately 16 hours.

The microstructure of the thermal sleeve is shown in Figure

3-2. It is evident from the features shown in these micrographs that the

thermal sleeve is sensitized (carbides precipitated at grain boundaries).

Apparently the material was furnished in a sensitized condition since no
stress relief treatments were performed after installation of the thermal

sleeve [ Figure 3-2(b)]. The more extensive grain boundary carbide precip-
itation evident at locations near the weld is attributed to the thermal cycle

experienced during the welding operation.

The grain size for the two components was determined to be:

Safe-end: ASTM 4.0-4.5

Thermal sleeve: ASTM 6.7

ASME SB 166 does not specify any limits for the grain size of wrought Inconel

600 material. However, the CB&I specification for nickel-chromium-iron

forgings (MS-16) states that the grain size shall be as small as practical,
with the objective of producing material with an ASTM grain size of 5.

CBFI specification MS-16 states that the Inconel forgings be
furnished in the annealed condition in accordance with ASME SB 166. The
ASME specification does not specify the particular heat treating parameters
for the annealed condition, thus it is possible for material furnished to

these specifications to be in a sensitized condition.

Micrographs illustrating the microstructure of the heat-
affected zones (RAZ) associated with the repair weld are shown in Figures 3-4

and 3-5. In each case, a zone of more pronounced grain boundary sensitization

is apparent immediately adjacent to the fusion line. This feature is normal for
the fabrication sequence employed, since sensitization in the RAZ is inherent
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in any welding of Inconel 600 and subsequent stress relieving would serve
to enhance any earlier sensitization. The microecructure at locations

0.03 in, from the fusion line and beyond is comparable to that observed

at locatic.is remote f rom the weld [ compare Figures 3-1(b) and 3-4] . The
,

microstructural features within the HAZ are consistent with normal welding

procedures and techniques.

The microstructure midway along the line of closest approach of
the repair weld and the thermal sleeve attachment celd is shown in Figure

3-6(a). This structure is comparable to that at remote locations [ compare
with Figure 3-1(b)] indicating that the repair welding operation did not

alter the microstructure in the vicinity of the thermal sleeve attachment.

The HAZ at the thermal sleeve attachment weld is shown in
Figure 3-6(b). The microstructural features are similar to those of the

repair weld HAZ and are normal for this situatiot.. This zone was not

involved in the cracking but the normal microstrtcture serves to indicate

normal welding practice.

Microhardness measurements were made within the safe-end base

metal, thermal sleeve base metal, welds and heat affected zones on Section

5-5. The particular locations of the traverses are indicated in Appendix C,
Figure C-1. All measurements were made employing a Knoop elongated pyramid

indentor with a 200 g load. The results of these measurements are plotted

as Knoop Hardness Number (KHN) vs distance in Figures C-2 through C-6. The

zones marked "HAZ" in these figures represent the heat-affected-zones that

are visually evident in photomicrographs of the metallographic seciton.

In general, the hardness values measured near the weld fusion
lines were noticeably higher than those for base metal (KHN 240-280 vs
KHN 184-191). At each weld, the hardness in the HAZ decreased fairly
uniformly with distance from the fusion line. The range of hardness beyond
the visible HAZ for all traverses was KHN 200-240. This range of hardness

is somewhat higher than that measured for safe-end base metal at points

remote from the weld.
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These hardness traverses indicate that the welding optrations

have resulted in a general hardening effect in the vicinity of the thermal

sleeve attachment. However, the indicated increase is not considered

sufficient to markedly influence the toughness or crack susceptibility of

the safe-end material.
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4.0 CHiRACTERIZATION OF CRACKING

4.1 Microstructural Features

Metallographic examinations of selected sections through the

thermal sleeve attachment area were performed to establish the micro-

structural features of the zone in which cracking occurred. Micrographs

illustrating the features observed are shown in Figures 4-1 through 4-7

and in Appendix D.

The heat-affected zone of the root-pass veld head is evident

in each section as a zone with noticeably fewer matrix carbide precipi-

tates than the unaffected base metal and with a different grain boundary

etching response. At most locations ti ^ material immediately adjacent to

the fusion line is essentially devo'.a of matrix carbides, and the amount

of these precipitates increases with distance from tle funica line (Figures

4-2, 4-3 and 4-6). A varying degree of grain boundary carbide precipitation

is also evident within the HAZ. In generai, the grain boundaries of the

wrought material immediately adjacent to the fusion line are lightly etched

indicating limited carbide precipitation. In each section a narrow region

of heavily-etched grain boundaries is evident. The grain boundaries within

this region generally exhibit more extensive carbide precipitation than the

furnace-sensitized base metal. All of these features are the result of

rersolution of pre-existing carbidea during welding and subsequent carbide

precipitation within the HAZ during cooling. The extc0* and distribution

of the precipitated carbides vary with distance from the fusion line

depending on the peak temperature reached and the particular cooling rate.

Fnnor differences in the nature of the HAZ noted among the sections are

attributed to normal variations in heat input and cooling rates over the

circumference of the weld.

In all sections examined the crack path is completely intergranular

with extensive branching. The intersection of the crack with the inside sur-

face of the safe-end (surface of tight crevice) occurred at a point within the

HAZ some distance away from the tip of the tight crevice. The fact that this

condition exists completely around the circumference indicates that crack

initiation occurred witnin the HAZ. The early stages of crack propagation

generally followed a path parallel to the root pass fusian line. In the
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later stages of propagation the crack diverts from the thermal sleeve
attachment veld into unaffected base metal, see Figures 4-5, D-3 and D-5.

The location of the initial portion of the crack path within the

heat-affected zone varied around the circumference. At Section 1-1 crack

initiation and early propagation occurred within the carbide free zone

between the fusion line and the zone of heaviest grain boundary carbide pre-

cipitation, sea Figure 4-1. At other sections crack initiation occurred

within the region of heaviest grain boundary precipitation,and in some cases

the initial stage of cracking extended across this region into unaffected

base metal, Figurec 4-4 and 4-5.

The configuration of the safe-end and thermal sleeve is such that

the attachment weld forms the closure of the tight crevice. At Section 1-1,

Figure 4-1, fusion of both components is complete, forming a relatively blunt

crevice tip. Fasion was also essentially complete at Sections 4-4 and 5-5

(Figures 4-5 and D-1). At the other sectioits, lack of fusion was evident,

forming a tight, irregular extension of the crevice into the attachment wcld,

see Figures 4-4, 4-7, D-3 and D-4. This lack of fusion extended approximately

0.02 to 0.04 in, from the fusion line. Such a feature is not uncommon for

the joint configuration employed in this case. The significance of the

lack-of-fusion defect depends on the type of weld intended in the initial

design. If a full-penetration weld was not specified, tiais lack of fusion

cannot be considered as significant. In any case, the feature is not related

to the cracking problem, since it was observed that crack initiation occurred

in the HAZ away from the crevice tip.

The entire length of the tight ctevice was examined in each

metallographic section. In each case, cracking was observed only at a

single location,(intersecting the inside surface within the attachment

weld HAZ), and there was no evidence of any other intergranular attack
or incipient cracking along the crevice.

'''.crographs at the tip of the crack in Section 4-4 where the

crack approaches the repair weld are shown in Appendix D, Figure D-2. At

this location, crack propagation has continued within unaffected base

metal in spite of the proximity of the more heavily sensitized HAZ.
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4.2 Fractographic Features

Three specinens were cut fro: the therral sleeve attach:ent

area of the safe-end sa:ple and broken open to expose the crack surfaces.

These specirens are designated as Nos.1, 2 and 4 in Figure 1-4 The

specimens were decontaminated by washing and brushing or by ultrasonic

cleaning in a detergent solution, and examined in the scanning electron

ricroscope (SEM) to establish the topographic features of the crack sur-

face. iberographs of the crack surfaces are shewn in Figure 4-8 and SEM

fractographs illustrating the fine-scale topographic features observed

are shown in Figures 4-9 through 4-12 and in Appendix E.

The crack surfaces of all three specinens were characterized

by distinct intergranular facets at all locations exanined. Figure s 4-9,

E-1 and E-4 are representative of the f ractographic features observed at

the intersection of the crack surface with the inside surface of the

sa f e-end . The crack surface was co:pletely intergranular along this edge

and there were no features to identify any discrete initiation sites. The

features of the crack front, at locations where partial penetration

occurred are shown in Figures E-3 and E-5. The transition f ro: the

service-induced crack to the laboratory overload fracture is apparent

and in each case, intergranular features are evident at the extrenities

of the crack.

Specinen 50. 1 wLs taken frc: a location where the fital stages

of cracking passed through the repair weld. A transition in surface

topography, =arking the line of intersection of the crack with the repair

veld is apparent in Figure 4-S(a) . The fine-scale features at this

transition are shown in Figure 4-11 and fractographs f ro: the crack sur-

face within the repair veld are shown in Figure 4-12. Distinct inter-

granular features are evident in the portion of the surface corresponding

to crack propagation in basr retal. The features of that portion of the

surface corresponding to the repair weld demonstrate that crack

propagation in this zone occurred in an intercolu=nar code. The trans-

ition in surface topography at the intersection of the crack with the

repair weld is strictly due to the dif ferent nicrostructures characteristic

of the weld retal and the base recal.
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The fractop raphic features at the particular points described

above, together with those at locations in the central portion of the

crack surface (Figures 4-10, 4-11 and E-2) demonstrate that the cracking
was completely intergranular. No evidence of any form of step-wise crack

propagation was observed in the fractographic examination.
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5.0 SURFACE DEPOSIT ANALYSIS

In the examination of the various crack surface specimens, deposits
were evident on the intergranular crack surfaces and on the crevice
surfaces. Distinctly crystalline deposits, such as shown in Figure 5-1,
and a fibrous appearing materials, Figure 5-2, were noted at several
locations on the crack surfaces. The particular examples, shown in Figures
5-1 and 5-2, represent small amounts of deposit materials remaining on the
crack surface of fractographic Specimen No.1 af ter decontamination by
gentle washing and brushing. X-ray energy spectra for these particular
surface deposits are compared with the spectrum from a clean area in

Figure 5-3. Pertinent features of these spectra are as follows:

1. Indicated iron content at location of crystalline deposit
is higher than for base metal. [ Compare Cr:Fe peak intensity

ratios in Figures 5-1(a) and 5-3(c)].

2. Presence of sulfur is indicated at location of fibrous deposit,
Figure 5-3(b).

Four crack surface specimens were specifically examined to establish
the character of the surface deposits and their distribution. These spect-
mens were cut from the safe-end sample and broken open to expose the crack
surface and crevice surface. The exposed surfacc: rcre eyqmined in the SEM

both in the original condition and af ter ultrasonic cleaning. Energy dis-

persive x-ray spectroscopy was employed to provide in situ, qualitative
analysis of the deposit materials *. EDS data and SEM fractographs from
Specimen No. 6, representative of all four specimens, are presented in
Appendix F. The results of these examinations are summarized as follows:

1. The fibrous type material (Figure 5-2) was the only recognizable
deposit evident in examinations of crack surfaces in the ori-
ginal condition. This deposit material was particularly evident
at points remote from the crevice and was not present at
locations in the immediate vicinity of the crevice.

* The EDS analyses of specimens in the original condition (no decontamination)
were performed at the Argonne National Laboratory where facilities for SEM
examination of radioactively contaminated materials are available.
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2. The crystalline deposit material on the crack surfaces was

evident only after partial cleaning.

3. The fibrous deposit material on the crack surface contained

sulfur.

4. The crystalline deposit material on the crack surface is

iron-rich compared to the base metal.

5. Iron was the predominant element detected in the crack surface
deposits near the crevice. No sulfur was detected in this

material.

6. Deposits on the crevice surface presented a distinctly

dif ferent appearance from those on the crack surface.

7. Iron was the predoninant element detected in the deposit

material on the crevice surface. No sulfur was detected in

these deposits.

8. The presence of chlorine was indicated at one location on the
crevice surface.

SEM examination of the portion of the crevice surface contained in

the fractographic specimens, (Specimen Nos. 1, 2, 3 and 4, Figure 1-4)
revealed an essentially as-machined condition (original machining marks
evident) over the majority of the area. Evidence of limited corrosive

attack was noted in a few localized regions. SEM micrographs illustrating

the condition of the crevice surface are shown in Figure 5-4.
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6.0 SUMMARY AND CONCLUSIONS

The observations made to date in this investigation may be summarized

as follows.

1. Significant cracking occurred on tha inside surface of the

safe-end over a full 360* of circumference.

2. All cracking initiated in the immediate vicinity of the tip

of the tight crevice between the thermal sleeve and the

safe-end.

3. Cracking occurred completely within the safe-end forgiag,

except for the later stages at some locations, where the crack

propagated through the repair veld.

4. Crack initiation and the early stages of crack propagation

! occurred within the heat-af fected-zone of the thermal sleeve

attachment weld.

5. Cracking occurred at a single location within the HAZ at all
sections examined. No multiple cracking along the crevice

surface was observed.

6. Funor corrosive attack of the safe-end occurred at some

locations on the crevice surface,but no significant inter-

granular attack or incipient cracking was observed along the

crevice surfsce outside of the HAZ.

7. The cracking was completely intergranular at all locations

examined.

8. No evidence of any step-wise crack propagation was observed.

Also, there are no fractographic features to indicate discrete

initiation sites around the periphery of the crack.

9. The deposits present on the crack surfaces at locations

corresponding to the later stages of crack propagation con-

tained significant amounts of sulfur. The specific form of

the sulfur, i.e., S0", S, S", etc. was not determined. No
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evidence of any other extraneous contaminant species on the

crack surface was observed. Sulfur was not detected on the
surface of the tight crevice. Chlorine was present on the

crevice surface at one location.

10. The deposits on the crevice surface and on the crack surface
near the crevice consisted of an iron-rich material.

11. Both the safe-end material and the thermal sleeve material are
in a sensitized con /.ition. This condition is considered
normal for this particular case in view of the post-weld stress-

relieving treatment, applicable specifications, and usual mill

practice.

12. The chemical compositions of the safe-end material and the
thermal sleeve material conform to ASME Specification SB 166.

13. The weld deposit chemistry for both welds conforms to AWS-5.11-76,
except for a minor variation in Mn content.

14. The repair welding operation on the outside of the safe-end did
not result in any significant modification of the microstructure

within the zone of cracking.

The metallographic and fractographic characteristics of the cracking
(completely intergranular with no significant direct corrosive attack) serve
to identify the cracking mechanf sm as intergranular stress-corrosion cracking
(IGSCC). Laboratory studies have shown Incone] 600 to be susceptible to such
cracking in high-purity water environments in certain circumstances. A

survey of the literature pertaining to the stress-corrosion cracking sus-

ceptibility of Inconel 500 is given in Appendix G.

In general, the pumlished results of laboratory studies indicate that

relatively high stresses are necessary for IGSCC in Inconel 600. Stress-

corrosion cracking has been observed in uncreviced specimens at stresses as

low as the 0.5% of fset yield stress, but no cracking has been reported for stress
levels below the yield strength. On the basis of reported data, IGSCC of
Inconci 600 in BWR environments is not likely unless stresses exceed the

yield strength.

One factor indicated by the published data is that the metallurgical

condition of Inconel 600, i.e. , sensitized vs solution annealed, does not
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significantly influence susceptibility to IGSCC. In the case of a weld in

Inconci 600, the heat-af fected zone will consist of resolution-treai i (or

lightly sensitized) material adjacent to the fusion line and a heavily

sensitized region some distance from the fusion line regardless of the initial

condition of the base catarial. In this investigation cracking was observed

to occur in both regions of the RAZ. Also, the crack path diverted from

the HAZ into unaf fected base metal in the early stages of cracking. In view

of these factors, and the fact that no inherent microstructural defects or

abnormalities were apparent, the furnace-sensitized condition of the safe-end
forging is not considered as a significant contributing factor to the cracking

problem.

In many material / environment combinations the presence of a tight
crevice can result in severe localized corrosive attack or stress-corrosion
c racking. Thus, attention must te directed to the possible role of the

tight crevice in IGSCC of Inconel 600 in reactor water environments. It is

not likely that the classical differential aeration cell would develop at a

crevice in the uniform bigh-purity water environment, but such regicas could

entrap air during outages, causing locally high oxygen levels on start-up.

Also, if any anionic contaminant is present, acidification of the crevice

could develop. Such a condition is known to enhance the susceptibility of

Inconel 600 to IGSCC. It has been demonstrated that the presence of a crevice

significantly accelerates cracking in low pH and high oxygen content solutions,

and GE data indicates that crevices enhance susceptibility to IGSCC in BWR

environments. In view of these factors, it is likely that the presence of

the crevice is a principal contributing factor to the present cracking

problem.

Analysis of deposits on the crack surface identified sulfur as a

constituent of one of the deposit materials. The only other elements

detected within the crack were the principal base metal constituents (Ni,

Cr, Fe). The particular identity of the sulfur-bearing materials and the

particular form of the sulfur were not determined. The deposit materials

on the surface of the tight crevice were identified as iron-rich, and sulfur
was not detected in these deposits.
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The presence of sulfur in the crack surface depot..:s could be
associated with the composition of the base metal or result from progres sive

concentration of a contaminant species within the crack. If significant

amounts of sulfur had segregated to grain boundaries during the stress re-

lieving operation, corrosion products formed during IGSCC would contain

sulfur *. In the absence of evidence of sulfur on the crevice surface, no

definite conclusion can be drawn concerning the source of the sulfur on the

basis of the EDS data alone.

The EDS analysis identified chlorine on the crevice surface. A

significant quantity was indicated, but evidence of the presence of this
element was confined to a single location on one of the specimens examined.

In view of this limited evidence,no definite conclusion can be drawn con-

cerning possible chlorine accumulation within the crevice during service.

The results of the EDS analysis performed in this investigation can

only be considered as indicating the possibility of sulfur and/or chlorine
contamination within the tight crevice. If either species were entrapped

from the environment their presence could Icad to acidification of the crevice

and contribu a to cracking as discussed above and in Appendix G. The obser-

vation of limited corrosive attack of the crevice surface is an indication

that such acidification could have occurred in service. Further investi-

gation of the nature of the deposit materials, employing other techniques

such as electron diffrac tion or Auger spectroscopy, would be nece: sary to

resolve the question of possible contamination in the thermal sleeve
attachment area.

Consideration must be given to the source of stresses in the thermal

sleeve attachment region which contributed to IGSCC. It is evident that the

stresses in the vicinity of the tip of the crevice are the result of applied

stresses associated with service loading and residual stresses associated

with the attachment weld. The primary stresses (bending + membrane) due to
service loading were calculated by GE to be 787. of the yic34 m roneth*'.

_n--

* In some laboratory investigatiena cignificant ammmts of sulfur have been
observed on intergranular crack surfaces of a similar Ni-base alloy
(Inconel X750) after testing in high-purity water. See Ref. 10, Appendix G.

** Reference 27, Appendix G, pg. G-8.
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lt is generally recognized that typical butt welds in piping components
result in tensile residual stresses on the order of the yield strength of the

material. Therefore, residual stresses of this magnitude must be considered
to exist at the thermal sleeve attachment weld. Residual stress analyses of

the thermal sleeve attachment veld, performed at Battelle-Columbus Labora-

tories, predict yield-level tensile residual stresses over the entire length
of the tight crevice *. Thus, the combined applied and residual stresses
result in a net ef fective stress substantially above the yield strength in

the immediate vicinity of the attachment weld.

The fact that multiple cracking did not occur along the crevice is
significant. The distribution of the applied and residual stresses in the
thermal sleeve attachment area would result in c :- wH an t in the combined
tensile stress with the peak stress level at a position on tue crevice

surface near the fusion line of the attachment veld. The occurrence of
cracking only at a single location along the crevice is evidence that the
combination of applied and residual stresses to produce an effective peak
stress well above the yield strength 7s a necessary condition for the
cracking.

Residual stresses associated with the thermal sleeve attachment weld
would be relieved by the occurrence of cracking at that location. As a
result, the residual stresses are likely to be involved in crack initiation
and in the early stages of crack propagation but would have little or no
influence on the later stages of crack propagation. Ac the inside surface
of the safe-end, the cracking was located at an esseatially constant distance
from the fusion line of the attachment weld. This factor, together with the

fact that cracking occurred completely around the inside surface is evidence
that residual stresses in the region of the thermal sleeve attachment weld
were a significant factor contributing to the cracking problem.

The existence of significant residual stresses in the crack initiation
zone due to the repair weld has not been demonstrated. However, consideration

of 6cncial principles concerning tenidual str:ccca dsveloped from welding
ope rat ions it.dicates that the repair wcld would have resulted in compressive

_. --

* Reference 27, Appendix G, pg. C-8.

-. _.
.
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hoop stresses and corapressive axial stresses at the thermal sleeve attachment

location which would not favor IGSCC. Regardless of the nature of the initial

residual stresses associated with the repair weld, such stresses would be

altered by subsequent machining and welding. The welding operation performed

to attach the thermal sleeve would completely relieve all pre-existing

stresses in the vicinity of the crevice tip. Therefore, the final state of

stress at tae location of eventual crack initiation would be completely con-

trolled by the thermal sleeve attachment weld. In view of these factors, it

is not likel; that residual stresses from the weld repair contributed to crack

initiation or the early stages of propagation.

In view of the factors discussed above, the information and data

obtained in this investigation support the following conclusions:

1. The cracking and eventual leakage encountered in the safe-end

occurred by intergranular stress-corrosion cracking under the

combined influence of stresses in excess of the yield strength

(applied + residual) and environmental conditions associated

with the tight crevice between the thermal sleeve and the safe-

end.

2. There is a possibility that sulfur-bearing and/or chlorine-

bearing contaminant species contributed to crack initiation

and propagation. This factor was not completely resolved in

this investigation, but the presence of a contamiaant species

is neither a necessary nor a sufficient condition for inter-

granular stress-corrosion cracking.

3. The furnace-sensitized condition of the safe-end material was

not a contributing factor to the cracking problem.

4. The cracking was not associated with any microstructural

abnormalities or inherent defects in the safe-end forging

or in the thermal sleeve attachment weld.

5. There is no evidence to indicate that the existence of the

repair weld on the outside of the safe-end contributed to

crack initiation or the early stages of crack propagation.
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Micrographs from Sections through

Thermal Sleeve Attachment Area
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SURFACE DEPOSIT ANALYSIS DATA
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SUMMARY NOTES ON EDS DATA

Crack Surface

Location E

1. High Fe and small S peak in overall spectrum [F-2(a)].

2. Particle at A is Cr rich [F-2(b)].

3. Deposit cluster at B is Fe rich [F-2(c)].

4. Fe decreased, S peak remains after ultrasonic cleaning [F-3(a)].

5. Small crystalline particles remain after ultrasonic cleaning
[F-3(b)].

Location F

1. X-ray spectra for original and cleaned condition same as for
Location E.

Location G

1. Fibrous deposit present [ F-4 (b) ] .

2. Sulfur present before cleaning [F-4(a)].

3. Deposit removed by ultransonic cleaning [F-4(c)].

4. No sulfur after ultrasonic cleaning [F-4(c)].

5. Fe/Cr ratio unchanged by removal of deposit material [F-4(a)
and F-4(c)].

Location H

1. Distinct S peak in overall x-ray spectrum [F-5(a)].

2. Sulfur uniformly distributed [F-5(b)] .

3. Fe/Cr ratio comparable to base metal.
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Location I

1. Major S indication in overall x-ray spectrum. Highest S/Cr

ratio noted [F-6(a)].

2. Sulfur uniformly distributed over intergranular facets
[F-6(b), F-7(c)].

3. Fibrous deposit [F-7(a)].

4. oluster of fibrous deposit material shows high S [F-7(a)].

5. Fe/Cr ratio comparable to base metal.

Location J

1. Major S indication in overall spectrum [F-8(a)].

2. Fibrous deposit on crack surface in repair weld as well as

on crack surface in base metal [F-8(c)i .

3. Sulfur uniformly distributed on intergranular facets in base
metal and repair weld areas [F-8(b)].

Crevice Surface

Location A

1. Fe preFent in surfPce deposit [F-9(b)].

Location B

1. Fe/Cr >1, Fe/Ni > 1 in overall spectrum. Cr/Ni ratio higher

than for base metal [F-10(a)].

2. Fe/Cr >> 1, Fe/Ni >> 1 in cluster of deposit material,

Cr/Ni : 1 [F-10(b)].

3. Fe is predominant element in deposit material. Deposit material
contains Cr.

Location C

r /Cr 21 in overall spectrum [F-ll(a)].1. e

2, Fe/Cr ard Fe/Ni >> 1 in area of heavier deposit { F-ll(b) ] .

3. Fe is predominant element in deposit material,
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Location D

1. Fe/Cr : 1 in overall spectrum [F-12(a)].
.

2. Major Cl peak in overall spectrum. Note only indication of
C1 among all locations examined.
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The Strese-Corrosion Cracking of Inconel 600 in High Purity Water Environments:
A Literature Review

Inconel 600 is extensively used in the primary water circuits of
Pressurized Water Reactors (PWRs), and its service performance has generally
been good (1,2) . The small number of service failures which have been re-
ported can, in general, be attributed to caustic cracking (2-4). Failures
have occurred at temperatures as low as 217*C (4), but contamination possible
in PWR steam generator use accounts for the majority of these failures. To
the author's knowledge, no failures attributable to pure water service have
been reported.

The purpose of this review is to discuss those factors which may affect
the service performance of Inconel 600 in Boiling Water Reactor (BWR) ap-
plications not involving heat t ran s fe r. In the absence of evidence of an
upset in operating procedures involving an excursion in OH concentration, the
performance of Inconel 600 in caustic envitvaments is not at issue, since no
mechanism of caustic concentration, such as that operative on Leat transfer
surfaces (5), is involved. No attecpt will,therefore,be made to include a
detailed appraisal of caustic cracking, although some mention will be made of
the similarities between caustic and high purity water cracking. The major
object here is to give a concise account of the expected influence of

a) Environment,

b) Geometry,

c) Stress Level, and

d) Metallurgical Condition

on service performance. It must be realized that the major use of Inconel 600
has been in PWRs, so that much of the data discussed has been collected at
temperatures in excess of the normal operating temperatures of BWRs (290*C,
550*F). The compilation of Cowan 6 Gordon (2) shows that increasing tempera-
ture does increase susceptibility, but there is sufficient evidence of cracking
at 290*C to suggest that the data derived at higher temperatures, up to 350*C,
should be considered pertinent to the case in hand. Coriou and coworkers (10)
considea the performance at 300 C to be similar to that at 350 C.

Effect of Environment

As early as 1959, laboratory studies shoved that Inconel 600 was
susceptible to intergranular stress-corrosion c cacking (SCC) when exposed
at high stress levels to high-purity water (8). Since that time, numerous

workers have duplicated these results in pure water with oxygen contents ranging
from the detection limit (< 3 ppb) to levels above those experienced during
normal BWR operation (i.e. 100-200 ppb) (8-17, 25, 27). There can now be no
doubt that Inconel 600 can be cracked in water of a purity level typical of BWR

2service without the introduction of contaminants such as Pb + or OH~. Although
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cracking can be produced at oxygen 1cvels approaching zero (9,10, 27), it
is well documented that high oxygen contents accelerate attack (2,13-17) .

Various contaminants, apart from oxygen, are also of pertinence. Lead
additions have been shown to accelerate the SCC of Inconel 600 and to cause
a transition to transgranular fracture (13, 15) . Contamination by halides
(Cl and F-) is also a common concern. Hydrofluoric acid is a constituent
in e unuuu n ly spivycd jiickling batha, ou that outty-ovet is a possibilitya
Chloride ions are known to have been involved in several service failures of
stainless steels (1) . Performance of Inconel 600 is not greatly influenced
by Cl and F contamination (9, 10, 13, 15), although some pitting may occur.
However, the observation that cracking is favored by acidic conditions (13,
14, 20) raises the question of the role these anionic species, which
facilitate pit and crevice acidification, might play in in-service cracking.
The existence of a crevice geometry, in combination with halide contamination,
could conceivably accelerate SCC.

The role of electrochemical potential in the SCC of Inconel 600 is not
well understood. Experimental evidence strongly supports the view that cracking
isacceleratedunderoxidizingconditions(lg+-17,20),andthuscontamination
by oxidizing species, such as 0 , H0 r Cr , may be expected to be detri-2 22
mental. Of major interest in regard to operating sys tems is the observation
(1) that coupling with a type 304 alloy does not appear to significantly in-
fluence cracking behavior. Coupling is only of concern in practice on a local
basis, since the high impedance (typically > 1CM cm-1) of the solution pro-
hibits long range galvanic ef fects.

In summary, the published data indicates that Inconel 600, when stressed
to a sufficiently high level, is susceptible to intergranular SCC in typical
FWR environment s. No out-of-control conditions are necessary to cause SCC,

although highly oxidizing conditions and low pH will probably stimulate the
reactions causing SCC.

The Eff-ct of Geometry

Two different geometric configtrations deserve consideration, the
occluded cell and the clean surface. The presence of an occluded region,
such as a crevice, pit or lap, can sig. ificantly accelerate corrosive attack
by concentrating aggressive species. In addition, such geometries act as
points of stress concentration, increasing the local stress and thus favoring
stress-corrosion cracking.

It has been conclusively shown that the presence of crevices (produced
either by grain boundary attack or by specimen geometry) greatly accelerates
the intergranular SCC of Inconel 600, particularly in the presence of high
o: , gen content and low pH solutions (2, 13-15). Results obtained by CE also
clearly indicate that crevices are detrimental in pure water containing 200
ppb 0 , typical of reactor environments (27).2
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The mechanism of the crevice effect is not completely clear. In the

low conductivity, low oxygen content solutions of interest, the conventional
mechanism of crevice attack is of questionable relevance. It is highly un-
likely that the classical deacration cell can operate, since the high IR
drop effectively isolates the interior and exterior of the crevice. It is,

perhaps, instructive to note that during plant shutdown oxygen concentration
will rise to 8 ppm, and some workers claim that levels of 100 ppm can be found
in occluded regions such as the anular gap between the thermal sleeve and

safe-end (1b1 These high 1cycla could accelerate corrosion in such regions,
SO =) in theand lead to the concentration of anionic species (e.g., Cl , F , 4

crevice, with the accompanying decrease in pH caused by hydrolysis of the
dissolved metal ions. Since the concentration of anionic species in reactor
water is very low, the classical scheme, of hydrolysis within the crevice and
inward dif fusion of anionic species to maintain charge neuirality, would be
extremely sluggish. Once initiated,however, crevice corrosion would proceed,
just as it does in the classical case, essentially independent of the bulk
solution.

The Effect of Stress

Although some workers (27) have had difficulty cracking smooth specimens
of Incone] 600 at stresses well above the yield stress, failures have been
reported in uncreviced geometries at stresses as low as the 0.5% proof stress
(7, 9, 10). Thus, it seems likely that the threshold stress lies near the
yield stress. This parallels the behavior of sensitized type 304 stainless
steel under similar conditions (21) . The cracking of Inconel 600 is, there-
fore, not likely in BWR environments unless stresses exceed the yield stress.

The Effect of Metallurgical Condition

The familiar problems associated with the use of austenitic stainless
steels in the sensitized condition has contributed to a wide suspicion of all
alloys which may develop a similar condition. The Ni-Cr-Fe alloys also depend
to a large extent on a passive chromium-based spinel for corrosion and oxi-
dation resistance. The precipitation of carbides, particularly at grain
boundaries, is therefore a potential source of problems, since this causes
depletion of the (local) chromium level. Cause for concern is heightened,
as the equilibrium solubility of carbon in Inconel 600 is significantly below
that in iron-based austenitic alloys such as 304 (6, 24). Hence the matrix
chromium content in equilibrium with carbides at any temperature is less than
that in 304. A large effort has,therefore,been expended in the study of the
effect of sensitization on the behavior of Inconel 600 in high purity water.

Mill-annealed Inconel 600 is generally in the seasitized condition, since
practicable cooling rates for mill processes. and for large forged parts, are
too slow to prevent carbide precipitation. Additional carbide precipitation
can result f rom stress relieving heat treatment applied to pressure

vessel components after fabrication. It should be pointed out that this
treatment, commonly 1150-1200 F for several hours, is not a stress relief
anneal of Inconel 600, but of the associated steel pressure-vessel components.
Only slight stress relief of Inconel 600 results af ter heating to 1200 F or

lower (23) .
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There is no evidence that a stress-relief sensitization treatment is
detrimental to the stress-corrosion cracking resistance of Inconel 600

exposed to either high-purity water or caustic solutions. Coriou and co-
workers (9, 10) have conclusively shown that lowering the carbon content and
eliminatica of intergranular carbide precipitation have no apparent af fect
on the mechanism of cracking in high-purity water. Subsequently, others

(11, 12, 14, 15) have shown that furnace sensitization of commercial Inconel
600 appears to increase resistance to SCC, both in high-purity water and in
caustic solutions. However, as with the austenitic stainless steels,
low sensitization temperatures are potentially more deleterious, since the
equilibrium chromium and carbon levels are lower, and the dif fusion rate is
less, than at high temperatures. Therefore, prolonged aging at service
temperatures could conceivably enhance chromium depletion. The effect of
enhanced depletion is unknown. Alloys with increased chromium content (-30%)
are known to be superior to Inconel 600 in high-purity water (10,15, 26),
but a simultaneous reduction in the nickel level, to ~60%, could be the main
factor in improving resistance. The failure of sensitization at 1100-1200 F
to reduce SCC performance of Inconel 600 suggests that low temperature aging
may have little effect, despite fears to the contrary (3).

The above discussion is pertinent to the present failure, since welding
produces zones of carbide re-solution and partial re-solution. On cooling, the
region near the weld may be in a solution annealed or lightly sensitized con-
dition. "urther from the weld, a zone of heavier sensitization will be produced,
regardless of the initial condition of the base metal. In initially solution-

annealid base material the structure will, therefore, go through the transition
from solution annealed (or slightly sensitized) near the fusion line to heavily
sensitized in the heat-affected zone (HAZ), and back to the solution-treated
condition. In base material which is initially sensitized, the degree of
sensitization may be increased J- the HAZ, because of the ef fect of the zone
in which partial re-solution c. che carbides has occurred (28) . However, the
structure will still consist of a solution annealed (or lightly sensitized)

region at the fusion line and a heavily sensitized zone further out in the HAZ.
Thus, the prior condition of the base material (sensitized or fully solution
annealed) is not expected to have a significant effect on service performance.

The ef fects of welding and cold working have nst been extensively
investigated. The behavior of weld metal does not appear to be appreciably
different f rom that of heat-af fected zone of the base metal. The heat-
affected zone may be slightly more resistant than the base material, but
inaufficient data is available to be positive (14, 15). The results of work
investigating the ef fect of cold-work are conflicting, so it is unlikely that
cold-work has a significant effect (2).

In conclusion, a literature review has established that:

1) Inconel 600 is susceptible to IGSCC in high purity water typical
of BWR environments at stress levels above the yield strength.
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2) The previous heat treatment is not critical in determining
susceptibility. Specifically, sensitization associated with
typical stress relief treatments is not detrimental.

3) The presence of a crevice can enhance the susceptibility to
cracking at normal and above-normal oxygen levels.

4) Although contamination is not necessary to cause cracking of
Inconel 600, caustic concentration, oxidizing agent concen-
t.ation or acidification within a crevice could enhance failure.

5) Weld metal is not more susceptible to SCC than is the base
metal.
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