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ABSTRACT

Intercrystalline stress corrosion cracking has been observed in

three so-called inspection tubes of Inconel 600 in the Ågesta reactor.

The cracks developed on the outside surface of the tubes, which were

exposed to 217 C light water containing normally 1-4 ppm LiOH or

KOH and only small amounts of oxygen and chloride,, These elements

may have enriched in the crevices at which most of the cracking

occurred. Other factors which are thought to have contributed to the

cracking are tensile stresses of the order of the 0.2 per cent offset

yield strength, built up during shop welding, and a relatively high

carbon content of the alloy, 0. 08 per cent, giving rise to heavy pre-

cipitation of carbides, intergranularly as well as interior of the

grains. The tube material had an unusually high yield strength.

Irradiation and Surface contamination were found to be of no impor-

tance.

The observations seem to agree with previously published ob-

servations of intercrystalline stress corrosion cracking in Inconel

600. Attempts to reproduce the failure in the laboratory have not

yet yielded cracks. (See also extended summary p. ^).

Printed and distributed in August 1966
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SUMMARY

Intercrystalline stress corrosion cracking has occurred in the

Agesta reactor in three so-called inspection tube's made of Inconel 600.

The tubes had been exposed to 217 C light water, containing 1-4 ppm

LiOH (later KOH) but only small amounts of oxygen, chloride and other

impurities. Some of the circumferential cracks developed in or at

crevices on the outside surface. At these positions constituents dissolved

in the water may have concentrated. The crevices are likely to have

contained a gas phase, mainly nitrogen. .Local boiling in the crevices

may also have occurred. Some few cracks were also found outside the

crevice region.

Irradiation effects can be neglected. No surface contamination

could be detected except for a very minor fluoride content (1 |ig/cm ).

The failed tubes had been subjected to high stresses, partly remaining

from milling, partly induced by welding operations. The possibility

that stresses slightly above the 0.2 per cent offset yield strength have

occurred at the operating temperature cannot be excluded.

The cracked tube material contained a large amount of carbide

particles and other precipitates, both at grain boundaries and in the

interior of grains. The particles appeared as stringers in circumfe-

rential zones. Zones depleted in precipitates were found along grain

boundaries. The failed tube turned out to have an unusually high mecha-

nical strength, likely due to a combination of some kind of ageing pro-

cess and cold work (1.0 - 1.3 per cent plastic strain).

Laboratory exposures of stressed surplus material in high purity

water and in 1 M LiOH at 220 C showed some pitting but no cracking

after 6800 h and 5900 h respectively.

Though the encountered failures may have developed because of

influence of some few or several of the above-mentioned detrimental

factors, the actual cause cannot be stated with certainty. In the lite-

rature information is given concerning intercrystalline stress corrosion

cracking of Inconel 600 both in caustic solutions and in plain, pure high-

temperature water. At this stage it seems most difficult to establish
o

which of these cases is relevant to the Ägesta failure. This is especially

true as both these conditions give the same type of intercrystalline cracks,
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The possible influence of cold work, i. e. residual stresses, ori-

ginating from milling, indicate the necessity of more stringent delivery

control. Also the probable effect of carbides and other precipitates should

be avoided by selecting a low carbon, pure iron-nickel-chromium alloy,

preferably vacuum-melted.

The failures encountered show that Inconel 600 under certain con-

ditions may be susceptible to inter crystalline stress corrosion cracking

in alkaline high-temperature water. It remains to be shown if a satis-

factory performance of Inconel 600 for long operating periods can be ob-

tained under similar conditions in water-cooled reactors by proper ma-

nufacturing control and judicious design, omitting high stresses and

crevices.

1. INTRODUCTION

The failure to be described in this report occurred in the Ågesta

reactor in September 1964. The reactor had then been in operation since

February 1963, when after 250 days of operation (150 days at full tem-

perature) a leakage of heavy water was detected. The leakage was found

to be due to cracks in three inspection tubes, located in the periphery of

the flat top lid as shown in Fig. 1. The heavy water flows inside the in-

spection tubes (OD 90 mm, wall thickness 5 mm) made of Inconel 600 and

on their outside the tubes are exposed to light water of about 217 C tem-

perature.

In a sample from one of the leaking tubes, one big and three small

circumferential cracks were found. The big crack was located on the tube

surface facing the centre of the lid, whereas the small cracks were in

a crevice region on the opposite side of the tube as shown in Fig. 2.

2. EXAMINATION OF FAILED TUBE MATERIAL

The tube sample was examined, for possible evidence of corrosion

effects and was subjected to tests of mechanical properties, analysis of

composition and examination of microstructure. Surplus tube material

was studied in parallel.
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2. 1 Crack Character

The four cracks in the investigated tube were all visible to the

naked eye. Their depth was examined by ultrasonic testing, X-raying

and He-leakage testing. Only the big crack (crack 1, Fig. 3) pene-

trated the tube wall. The other three cracks were located at the outer

surface of the tube. One of these cracks, however, nearly penetrated

the tube wall (Fig. 4). Thus it was concluded that the cracking was

initiated on the outer surface of the tubes, exposed to the light water.

The paths of the cracks were always fully intercrystalline

(Figs 4, 5 and 6).

2. 2 Corrosion

Pits 0. 2 - 0. 4 mm in diameter were found on the outer surface

of the tube (Fig. 7). At the bottom of some of the pits intercrystalline

microcracks had developed (Fig. 8).

Corrosion products on the outer surface were analysed by means

of X-ray fluorescence. Table 1 gives the ratios between the number of

counts for the analysed element and for nickel in the corrosion product

and in the bulk material. Compared to the bulk material the surface

coating had a high content of manganese and titanium, but the chro-

mium content was very low. The main component was nickel. Neither

lithium, calcium, magnesium, nor chlorine could be detected by

spectral analysis or X-ray fluorescence analysis. Neither could lead

be detected, but 1 fxg/cm fluorine was present.

It was thus concluded that the solid corrosion products consisted

mainly of nickel oxide.

Table 1. X-ray fluorescense analysis of corrosion product coating and
bulk material

Ratio

Coating

Bulk material

Fe/Ni

0.34

0.42

Mn/Ni

0. 16

0.05

Cr/Ni

0. 02

0.9

Ti/Ni

1.2

0.01
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2. 3 Composition and Microstructure

The composition of the investigated cracked tube and surplus ma-

terials are given in Table 2. The composition is in agreement with

ASTM-B 167-61 T specifications. Decarburisation of the outer surfa-

ces was found in most of the surplus tubes. In the cracked tube examined

only the inner surface had been decarburised.

Table 2. Comj

Element

C (in inside
surface
layer)

C (in cen-
ter)

S i

C u

F e

M n

Mg

C r

T i

S

A l

P b

N b

M o

C o

B

Cracked
tube from
the reac-
tor

0. 08

0.41

0.07

6 . 6

0. 16

-

15.5

0.39

0. 010

0.15

<0. 002

<0. 001

0.06

0.27

0. 0035

position

1

0. 07

0. 09

0.43

0. 08

6.9
0. 16

0.03

15.4

0.30

0.009

0.22

<0. 005

in per cent of investigated

Investigated

2

0.07

0. 08

0.49

0.37

6 . 9

0. 16

0. 03

15.4

0.33

0.010

0. 14

<0. 005

3

0.06

0.09

0.41

0.37

6 . 9

0. 16

0. 03

15.4

0.34

<0. 005

0. 16

<0, 005

surplus

4

0. 07

0. 09

0.43

0.08

6 .9

0. 16

0.03

15.4

0.30

<0. 008

0. 18

<0. 005

tubes

materials

0

0

0

0

6

0

0

15.

0

<o.
0.

< 0

5

. 0 5

. 0 9

. 3 7

. 0 7

. 9

. 1 5

. 0 3

. 4

. 3 7

0 0 5

20

. 005

6

0. 03

0. 08

0.42

0. 07

6. 8

0. 15

0. 03

15.6

0.37

<0. 005

0. 18

<0. 005

7

0.08

0.09

0.42

0.08

6.9
0. 16

0.03

15.4

0.30

<0. 005

0.22

<0. 005

The mechanical properties of the failed tube and surplus tubes are gi-

ven in Table 3.
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Table 3. Mechanical data of investigated tubes

Material

Cracked tube

Cracked tube
annealed
950 °C/1 h

Surplus
material :
tube 2
tube 3
tube 4

tube 5
tube 6
tube 7

Cracked tube
Surplus
material:
tube 1
tube 2
tube 3
tube 4
tube 5

tube 7

Testing
temp.

°C

20

20

20

20

20

20

20

20

220

220

220

220

220

220

220

0.2 %
yield
strength

kg /mm

38.9

31.2

24. 0

22. 6
20.8

33.0
37. 1
20.4

35. 8

22.3

20.9
19.1
18. 8
31.2

19.9

Tensile
strength
uts

kg/mm

75.2

70. 1

68.4
67. 5

68. 1

71.4

73. 0
69.2

67.9

66.5

65.3
63.0
63. 8
66.3
64.4

Elonga-
tion
65

%

38

41

48

48

46

37

37

46

33

45

41

40

31

36

Reduc-
tion of
area

%

52

53

50

50

49

52

41

38

39

52

52

49

53

Hardness
HV 10

205 t 3

197 - 9

166 + 2
197 - 8

185 - 5
205 ± \

181 - 7

•

The failed tube, but also some of the surplus material (tubes 5 and 6),
showed a higher yield strength and tensile strength and a lower elongation
than is normally obtained for annealed Inconel 600. An annealing treatment
at 950 C brought the 0.2 per cent offset yield strength of the cracked tube

2 2
down from 38 kg/mm to 31 kg/mm , which still is an unusually high value
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as compared to both the 0. 2 per cent yield strength of the rest of the

surplus material investigated and the normally obtained figures for

this alloy. It was thus concluded that the high mechanical strength of

the cracked tube was due not only to cold work but also to some kind of

ageing process (cf. the investigations on the structure in the following).

The cold work was estimated to correspond to a plastic strain of

1.0- 1.3 per cent from comparison with stress-strain curves for the

same material in the annealed condition.

Those specimens which had high mechanical strength, inclu-

ding the investigated cracked tube, contained a great amount of

particles both inside the grains and at grain boundaries. The par-

ticles appeared in discrete regions which had the shape of circum-

ferential striated zones (Fig. 9). The materials with normal mecha-

nical strength also contained striated zones of particles, both in-

side grains and at grain boundaries, as well as zones containing

only grain boundary precipitates (Fig. 10). At the inner, and often

at the outer surfaces of the tubes, there was a zone up to 0.3 mm

in thickness where only grain boundary particles occurred. Along

the grain boundaries there were zones depleted in precipitates (Fig. 11).

Areas depleted of particles were also found inside grains belonging to

the striated zones (Fig. 12).

In the electron microscope the shape of the particles was found

to be acicular, round or large angular inside the grains (Fig. 13)

and platelike at the grain boundaries (Fig» 14). Selected area diffrac-

tion of extraction replicas showed the grain boundary phase to be cubic

(a = 1 0. 7 Å), probably Cr-^C,. The large angular intragranular pre-

cipitates gave diffraction patterns corresponding to TiC. The acicular

precipitates gave lattice parameters corresponding to Cr-.C,. The

round particles gave lattice parameters close to those of Ni,Al. Thin

films examined in transmission showed the presence of cold work in

the material (Figs. 15 and 16). The existence of grain boundary deple-

ted zones observed by optical metallography was also confimed. The

width of these zones varied between 0. 8 and 2. 5 (am. X-ray diffraction

of extracted particles revealed the presence of Cr_C_ and Ti(N, C).

The grain size was ASTM 5-6 in all the tubes.
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3. MANUFACTURE OF THE LID ASSEMBLY

The inspection tubes were welded to the top lid structure at a tem-

perature of 150 - 200 C. Long narrow crevices between the lid mate-

rial (pressure vessel steel) and the tubes were built-in by design (Fig. 2).

After the welding operations the whole assembly was immediately

heat treated at about 400 C for about three days in a furnace heated by

propane gas burners. This might have caused local overtemperature,

occasionally or for long periods of time on the inside of the inspection

tubes» Possibly even flames from the burners may have escaped through

the tubes, thus causing overheating also from the inside. Before the

reactor was taken into operation, it was subjected to repeated hydro-

static pressure tests at room temperature.

4. ESTIMATED STRESS CONDITIONS

The dimensions of the inspection tubes appear on Fig. 2. In the

calculations of the stresses in the inspection tubes internal stresses

remaining from the manufacture have been taken into consideration

together with contributions from the external load, water pressure and

thermal expansion.

Concerning stresses introduced by welding it proved difficult to

reconstruct in detail what actually happened during the welding, and

thus the following calculation is most uncertain. The Inconel tubes

are assumed to have very smaj.1 cross-sectional areas compared to

the surrounding lid structure, and consequently calculated differences

in elongation may be fully absorbed by the tubes. The local tempera-

ture increase at welding above the preheating temperature, 200 C,

is estimated at a mean value of 1 00 C calculated on \he whole length

of the tube. Using values from the literature and our own determina-

tions of the coefficient for thermal expansion, the axial maximum

total forced elongation of the tubes is found to be about 0. 2 per cent,

this value being reached after cooling from the heat treatment. Taking

the great uncertainty in this calculation into account, it may be con-

cluded that due to the welding operation, the residual stresses in the

failed tubes may have been in the neighbourhood of the relevant 0. 2

per cent yield stress of the material. Possible other additional stresses

from manufacturing operations may also contribute.
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When pressurizing the reactor vessel additional stresses were in-

troduced in those parts of the tubes which face the lid centre, while the

opposite parts of the tubes were subjected to a certain extent of stress

relaxation. The stresses corresponding to the operating pressure of the

reactor vessel have been calculated and measured. On that part of the

tubes which faces the lid centre, the additional axial stress was calcu-

lated to be 1.3 - 2. 5 kg/mm and measured to be 3. 1 - 3. 3 kg/mm .

On the opposite side of the tubes calculations indicate a stress relaxa-

tion of about 8 kg/mm . Furthermore, due to the difference in thermal

expansion between the pressure vessel steel and Inconel 600, an axial

stress relaxation in the tubes of 6. 8 kg/mm takes place when heating

the lid from 20 C to the operating temperature 220 C.

According to this analysis of the stress conditions, the most im-

portant factor seems to be the welding operation, giving stresses pro-

bably in the neighbourhood of the 0. 2 per cent yield stress at room tem-

perature with no hydrostatic pressure. During operation the stress has

been about 4 kg/mm lower in the parts of the tube facing the centre of

the lid and about 1 5 kg/mm lower in the opposite parts.

5. ENVIRONMENTAL CONDITIONS

The light water outside the inspection tubes (total volume 20 m )

circulated through the lid at a speed of 20 litres per second, whereas

the heavy water inside the tubes circulated at a speed of only 0. 03 litre

per second in each tube. The light water was alkalised by addition of

LiOH, later replaced by KOH, givint a pH of 1 Q. 0 - 1 D. 8. The potassium

content was 3-4 ppm, but the actual operating time of the reactor from

the day of change in water chemistry to the day when the leakage was

observed was only a few days. The alkali addition was made in order to

minimize corrosion of the pressure vessel steel. The oxygen content

was below 0. 1 ppm during the first part of the operating period for about

90 days. Later no analysis was made; the low cprrqsion rafe pf the car-

bon steel components, however, indicated, s\\]\ very low oxygen contents.

The chloride content was 0. 05 - 0. 20 pprn; a peak value of 0. 50 ppm was

noted on one occasion. The lithium content normally was 1-4 ppm, with

an accidental peak value of about 40 ppm.



- 11 -

The temperature of the light water in those parts of the lid where

the inspection tubes were cracked was 215-217 C. The water pressure

in the lid was measured to be 21.9 atmospheres, equivalent to a boi-

ling temperature of 217 C. Thus the water in the lid was very near its

boiling temperature and the possibility of occasional local boiling must

not be disregarded. The temperature of the heavy water was about 1 C

higher than for the light water, and its pressure was 34 atm.

On reactor start the mentioned crevices at the inspection tubes

contained nitrogen, and during operation the light water was continuously

saturated with nitrogen at operating temperature and pressure. Any

oxygen in the water may have concentrated in the gas phase during the

heating. It has not been established whether nitrogen and possible oxy-

gen in the gas phase in the crevices was fully dissolved or not during

the operation of the reactor. There was no possibility of draining the

gas from the crevices in any other way. It is therefore concluded that

the water at the crevice might have been in contact with nitrogen and

oxygen during at least part of the operating time.

The radiation level within the top lid was about 1 00 neutrons/cm • s

(> 1 MeV) which is far below the level of interest from the irradiation

effects point of view.

6. CORROSION TESTS

Stress corrosion experiments in autoclaves with circulating wa-

ter have been made on specimens taken from the surplus material of

Inconel 600. The specimens were axially spring-loaded in tension to

95 per cent of the 0. 2 per cent offset yield strength at the test tempe-

rature, 220 C. Some of the specimens were as delivered, some were

annealed for 72 h at 300 C to simulate ageing after welding. Two en-

vironmental conditions have been studied, 1 molal LiOH with essen-

tially no oxygen present (later changed to 4 ml O7/kg) and pure water

containing 4 ml O_/kg and continually deionized (conductivity about

0. 5 |aS/cm).

No differences were found between ground and annealed speci-

mens. After 6800 h in water and after 4500 h in lithium hydroxide,
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only minor pitting was found. After a further 1400 h exposure in water

containing lithium hydroxide, during which the oxygen content was raised

to 4 ml O_/kg, appreciably more pitting was found on all specimens. The

tests in water have been terminated, whereas the experiments with caustic

conditions are being continued.

7. DISCUSSION AND CONCLUSIONS

The following observations and results of calculations seem to be

pertinent. The cracks were all intercrystalline, initiated at the in as-de-

livered condition rough outside surface of the tubes. They were caused

by stress corrosion and not by loads exceeding the normal ultimate

strength, the stresses in the cracked tubes probably having been in the

neighbourhood of the 0.2 per cent offset yield strength of the material,

mainly due to stresses introduced by welding.

Of the cracks found in the examined tube sample, the three small

ones were located inside a crevice and the big one penetrating in its

neighbourhood. Of the cracks in the two other failed inspection tubes at

least one was found at the free outside surface and another in the lower

part of the crevice (at the lower weld). The location of the cracks in the

crevice region has thus not been considered critical for the failures,

although it may have aggravated the conditions. The environmental con-

ditions in the crevice could not be established with any accuracy, the

feed water at the outside surface being alkaline and very low in oxygen.

Gaseous oxygen in the crevice may have been dissolved in the water.

There has also been the possibility of concentrating hydroxides in the

crevice due to occasional local boiling. This, however, should not be

true for the lower part of the crevice region where cracks were found

in the other tube, as mentioned above.

The investigated tube had an unusually high strength due to cold

work and'some kind of precipitation hardening. The microstructure con-

tained great amounts of Ti (N, C), Cr^C, and probably precipitates of

Cr?,jC/ in the grain boundaries as well as interior of grains. Evidence

of Ni~Al or Ni, (Ti, Al) was also obtained.
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In laboratory exposures of stressed surplus material in pure water

and 1 M LiOH only some pitting but no cracking has been found up till now.

Intercrystalline stress corrosion of Inconel 600 was first reported by

H Coriou and co-workers (1-3). They found complete intercrystalline fail-

ure of Inconel 600 frcm different manufactures after 3-4 months exposure

in degassed, high-purity water at 300 C and 360 C. Their materials,

covering carbon contents in the range 0.02 - 0.09 per cent C, were solu-

tion-annealed at 970 - 1100 C. No influence on the cracking tendency

from the carbon content or any other minor constituents was found.

Copson and Dean (4) reported stress corrosion cracking in the crev-

ice area of double U-bend specimens of Inconel alloy 600 when tested at

316 C in connection with high oxygen contents in the bulk solution. The

high oxygen content caused no cracking of the outer bend or of single U-

bend specimens. At low oxygen contents no cracking was found of Inconel

alloy 600 specimens at test periods of Z000 to 6000 hours (2. 8 - 8. 3 months).

A detrimental effect of contamination with lead was established, but no ef-

fect of contamination with up to 0, 5 per cent sodium fluoride was found.

Using these very special conditions of a crevice, high stress, and

high oxygen contents, Copson and co-workers (5) are continuing an investi-

gation concerning the influence of environmental and metallurgical factors

on the development of cracking in Alloy 600. Preliminary results indicated

that an increase in chromium content from 15 % to 20 to 25 % increased

the resistance to cracking. The resistance to intercrystalline corrosion

increased somewhat as the pH of the water was raised from pH 4 to pH 10.

Lower carbon contents in the range of 0.01 to 0.11 % were beneficial. Heat

treatments at temperatures such as 675 C, which produce heavy carbide

precipitaion, were to be avoided. Normal amounts of aluminum, titanum,

silicon, and other elements were without significant effect, but excessive

amounts were detrimental. In these tests the times involved were not longer

than 3000 hours, but as already noted, the severe test conditions of a crevice,

high stress, and high oxygen content of the water were used. Under these

severe test conditions, stainless steels (Types 304, 304L, and 347) have

proved as susceptible to intergranular stress corrosion cracking as Alloy

600. When the oxygen (or air) was replaced with hydrogen, no cracking was

obtained.



- 14 -

According to previous experience obtained by one of the authors of

this report (L Ljungberg) (6), springs of Inconel 600 failed by intercrys-

talline cracking after 6000-8000 hours service at 295 C in water of high

purity except for an estimated oxygen content of 10-20 ppm and a chloride

content of 0-10 ppm (most of the time 5 ppm). The maximum shear stress

of the springs in service was about 35 kg/mm . The springs were under

static load. 23 pieces out of 24 cracked, some of them at crevices, but about

half of them on surfaces which were open to the circulating bulk solution.

The alloy contained 0.035 per cent C. Fine precipitates, most likely car-

bides, were found at the grain boundaries.

From the literature it is known that caustic solutions at high tem-

peratures may cause stress corrosion cracking of Inconel 600 (7, 8). La-

boratory experiments with welded capsules (hoop stress equal to the yield

strength at 320 °C) at 320 °C in 1 M NaOH and LiOH resulted in failures

after 1.5 - 5. 5 months (9). Also in 2. 5 N NaOH at 360 C cracking was

found in Inconel 600 after 3 months (10). In all cases the cracking was

entirely intercrystalline.
0

All reported cases as well as the Age sta failure have had in common

that the intercrystalline cracking has occurred in the presence of high

stresses in the neighbourhood of the 0. 2 per cent yield strength or higher.

Another feature of the Åge sta failure which, according to previously

reported experience, may be of importance is the very high content of

precipitated carbides. This should, however, be normal for high nickel

alloys with such a high carbon content as 0. 08 per cent unless a quenching

treatment from 1 1 50 - 1200 C was given. Concerning the importance of

the observed high carbon content the situation is ambiguous, however,

having regard to the conflicting observations reported in the literature.

The fact that heterogeneity of the microstructure may exist as in this

case, with zones parallel to the walls of the tube and also with decar-

burisation at the surface, should also be taken into account.

As to the environmental conditions the temperature in all previous

cases was around 300 C or higher, but in the Ågesta reactor only 217 °C.

The occurrence of cracking in Ågesta material in spite of this lower tem-

perature may have been due to some accelerating factor which was not

present in the previous laboratory tests. (It should be remembered, how-

ever, that this is not a conclusion based on experience, since there are

no tests reported at similar temperatures for long enough periods of time).
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As mentioned earJier, the time to crack penetration in the Åge sta

reactor was 5-8 months, i.e. somewhat longer than previously reported

times to failure at higher temperatures, both in pure water and in caustic

solutions. However, the values are all of the same order of magnitude.

Of the impurities known to be detrimental, such as lead, fluoride,

etc. , only fluoride was found. -The very low fluoride content in the sur-

face of the investigated Ågesta tube (1 jig/cm ) is most probably due

to insufficient rinsing after pickling. Although fluoride is reported to

enhance cracking, it seems most unlikely that such a small content can

be of significance.

Concerning the influence of the oxygen content of the water, there

seems to be some disagreement between different investigations. On

the one hand, Coriou et al. obtained cracks in degassed water (1, 2,

3), while in the experiments mentioned above the oxygen content was

rather high, and C op son and Dean found it necessary to use oxygen

contents (4). It may be assumed, however, that cracks would have

occurred at low oxygen levels also in the latter investigation if the time

of exposure had been extended. This should imply that the presence of

oxygen was an accelerating but not a necessary factor in the tests re-

ported by Copson and Dean and by Ljungberg.

In the Agesta reactor the bulk oxygen content was very low. In

the case of some of the cracks the presence of a crevice, possibly

with a gas pocket containing some oxygen, may have aggravated the

conditions. Assuming a stable gas phase, a concentration element may

be formed due to the higher oxygen content at the g as-liquid interface.

If, on the other hand, the gas phase condenses entirely or partly and

the gas dissolves in the liquid, as may have happened at Agesta, a

relatively high oxygen content is achieved in the crevice solution. A

concentration element is then formed between the crevice and the bulk

solution, which may cause corrosion according to information from

International Nickel Company (5).

It must be emphasized that this discussion of the possible effects

of the gas-liquid interface that may have been present must be very

speculative. This is also true of the possibility that the failure at

Agesta should be classified as caustic cracking due to concentration

of hydroxide. In any case this can apply only to those of the cracks

which were located in the crevice region. At least two of the cracks



in the failed tubes occurred outside this region, i* e. in places where no

concentration of hydroxides could have occurred, possibly indicating a

"pure water attack" of the type found by Coriou (1, 2, 3). Thus the in-

formation available does not permit any definite conclusion as to whether

"pure water attack" or caustic attack has been present! neither does

the character of the process give any indications on this point, the cracks

being of the same type in both cases»

It may be concluded at all events that one detrimental factor in the

present case was a relatively high stress level, induced by welding opera-

tions. Other factors which may enhance cracking and have or may have

been present are high carbon content of the material, oxygen concentration

elements in conjunction with crevices and, for some of the cracks, con-

centration of hydroxides at a gas-liquid interface.

Finally, the observations and conclusions made in this investigation

seem to indicate that the following recommendations should be made regar-

ding the use of Inconel 600 in reactor components of this kind. The alloy

should have a low carbon content and should preferably be made by methods

that minimize the amount of impurities, preferably by vacuum melting.

If possible, solution annealing followed by quenching, should be applied.

Extreme care must be taken to avoid thermal stresses, for instance by

welding. In the design crevices should be omitted and means should be

taken to avoid gas pockets and boiling that might lead to enrichment of so-

lutes in the water.
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Inspection tubes

Fig. 1. Pressure vessel lid structure.



Fig. 2.

Location of cracks in the investigated tube.



Fig. 3.
Schematic reproduction of the unfolded surface of the investigated tube.
The figure showes the lengths and relative positions of the cracks. The
shaded area was surrounded of a crevice.



Fig. 4.
One of the small cracks
(No,3) almost penetrating
the wall of the tube.. The
crack is intercrystalline
and slightly branched.
24x

Fig. 5.
The tip of a branch of the
big crack (NoJ). The mic-
rograph shows the inter-
crystalline path of the
crack.
600x

Fig. 6.
The tip of the crack in
Fig. 4, The crack fallows
a grain boundary. The mic-
rograph shows precipita-
tions along the grain bounda-
ries and into the grains.
1500x



Fig. 7._
Pits originating from corrosion
on the outer tube surface in the
neighbourhood of crack No 3.
24 x

Fig. 8.
Cross sectional micrograph
of a corrosion pit on the outer
surface of the tube. In the
bottomof the pit there is an in •
tercrystalline crack.
200x

Fig. 9.
Micrograph showing the struc-
ture of material with high
mechanical strength, contai-
ning a great amount of intra-
granular and grain boundary
precipitates. The precipitates
are appreciably striated in
circumferential zones with
dense and moderate precipi-
tate contents. This micro-
graph is from the cracked
tube.
200x



Fig. 10.
Micrograph showing the struc-
ture of material with normal
mechanical strength, striated
in zones with both intragranular
and grain boundary precipitates
and zones with only grain boun-
dary precipitates. This micro-
graph is from one of the inves-
tigated surplus tubes with a
0. 2 % yield strength about
20 kg/mm2.

- V

Fig. 11.
Microstructure of the cracked
tube. The small precipitates
mainly consist of Cr^C.,. The
grain boundary precipitates
possibly are Cr , ,C, . Some of
the small precipitates are Ni-Al
or Ni,(Al, Ti). The square par-
ticles are Ti(N, C). The big lon-
gish inclusions are slag. The
grain boundaries are surrounded
by zones with low precipitate
contents.
1500x

>.-s*-».-.... f~ Aggregate of particles in a grain
^•** .-, • ̂  **v ''; of the cracked tube. The aggre-

. •- >.*'i*; -.' ., sate is surrounded bv a zone wit



Fig..13.
Acicular and rounded intra-
granular particles, greater
particles in the grain bounda-
ries - carbon (extraction
replica technique).
6000x

Fig. 14. •
Acicular particles and plates
at the grain boundaries (thin
foil technique)
24000x



Fig. 15.
Cold work, cellular structure
(thin foil technique).
lOOOOx

o.
Fig. 16.
Inconel. Annealed 1 h 950 C
(thin foil technique).
20000x
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