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In the Mactter of

Docket 50-289 5'Tf’r

(Steam Generator Tube Repairs)

METROPOLITAN EDISON COMPANY, ET AL.

(Three Mile Island Nuclear
Generating Station, Unit 1)

JOINT INTERVENORS RESPONSE TO LICENSEE'S SECOND SET OF INTERROGATORIES

Responses are here provided to Licensee interrogatories using Licensee's
ietter, number designations as noted in "II Interrogatories",
A. General Interrogatories
I1 - 1 - Norman O. Aamodt prepared all interrogatory answers.

I1 - 2a - No proposed witnesses are named.

B. Interrogatories on Contention 1(2)
II - 1(2) - 1(a) -1t might have been a cause.
(b) - It may pose a significant threat of future IGSCC.

2(a) - See "Observations On The Cracking Process - Role of
Sulfur", Pg. 1157, 8 of "Historical Review Of The
Principle Research Concerning The Phenomena Of
Cracking of Nickel Base Austentitic Alloys" (hereafter
referred to as 'The Paper" (attached).

(b) - See subsequent answers.

3 - See answer to II-1(2) - 2(a).
4 - I do not know.

5 - I do not know.

6 - NA
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(b)
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Hot water, some oxygen, some tensile stress and time.
In essence, the IGSCC is "incubating" with time being
the key variable. With high nickel content, soms
moderate level of carbon and even trace amounts of
sulfur, sensitized Inconel 600 will crack in an
aqueous environment which is not free of cxygen.

The Paper.

All operating conditions.

The Paper; see answer to II-1(2)2(a).

Same as 10. |

Rate of IGSCC initiation, or time to generation of
cracks, can be expected to shorten with increased
nickel or sulfur content, increased oxygen or chlorine
level, incrcased water temperatuvre and increased stress
level.

See answer.to 12,

1 do not know outer bounds.

See The Paper.

I do not know, other than those that cause increased
oxygen levels.

NA

High nickel and carbon content.

See The Paper.

T do not know; ''coupling" effects described in The Paper
may provide clues.

NA

The Paper. 1t is short and topically developed as

discussed above.
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- 1 do not know.
- NA
- Yes

- oNote (2) of The Paper.
.oNote (5) of The Paper. Note absence of contaminants
in aqueous enviromment.

oNote (6) of The Paper.

oNotes (&), (9), (10) of The Paper.

oNote (11) of The Paper.
- I do not know.
- NA
- 1 do not know.
- NA

- See above answers.

1 do not know yet.
- 1 do not know yet.

- I do not know yet.

C. Interrogatories on Contention 1(3)

II1-1(3)-1

-2

I allege that islands of IGA may be precursors of IGSCC,

that all that is needed for IGSCC to develop may be
additional time for "incubation” to be complete.

See Note (1) (Pg. 1149) of The Paper.

As noted by Third Party Review, IGSCC was frequently observed

in areas of concentration of IGA islands.

Threfore: Role as precursor is reasonably deduced.
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3 - Yes
4 - See answers to B.
5 - Yes

6 - o Additional exposure to oxygen, chlorides, lead, etc.
might shorten "inclubation'" period.

o I do not know upich elements or compounds could serve as
synergists, nor their concentrations (though trace amounts
would probabiy suffice for synergistic effects to occur.)

7 - o Potential corrodents are described in Third Party Review of
The Paper.
o Synergists - Personal experience with anti-oxidant systems.

8 - See 7.

-
'

I do not know yet.
10 - 1 do not know yet.

11

I do not know yet.

D. Interrogatories on Contention 1(5)
IT 1(5)-1 - Low valence carbonions which could mimic activity of sulfur

in sulfide forms.

2 - Chemical similarities of carbon and sulfur.

3 - o Valence lower than 4.
o "Carbonaceous" is almost meaningless apart from the fact

that carbon is present in some undefined form(s).

4 - Yes, possibly.

5 - I do not know and, unfortunately, GPUN dces not, ncr is it
evident than any one else does.

6 - NA



Page 5
7 - Same as 5.
8 - NA
9-a- I do not know.
b- I do not know.
¢- Mechanism probably would be similar to that with sul fur.
I do not know what synergists might be present,

10 - NA

11 - Any and 2ll that might occur in the systemn. wote: A
"synergist" is not a synergist if it does not produce a
synergistic effect.

12-a- 1 do not know, but GPUN should.

b- I do not know, but GPUN should.
c- I do not know, but GPUN should.

13 - GPUN should know whether or not synergistic effects are likely
to occur (or have occurred) if GPUN is to develop a suitable
confidence level with regard to any prediction of anticipated
IGSCC initiation.

14, 15, 16 - No questions.

17 - PHD., Chemistry, many years on Staff of Bell Telephone
Laboratories, inventor of various chemical systems dependent
ou synergistic effects, widely published. 1 do uwot have his
resume.

18 - See 17. This work supports Contention 1(5) i. that the
operable element of expertise is knowledge of synergism, per
per se.

19 « I do not know,

2C - NA
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21 - 1If we should use Dr. Hansen as a witness or source of help,
I will provide this information immediately. I do not have
access to this information at this time.
22 - 1 do not know yet.
23 - 1 do not know yet.

/
24 - 1 do not know yet, / b

p Pl S Atta?

Norman 0. Aamodt for Joint Intervenors

February 27, 1984
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HISTORICAL REVIEW OF THE PDSNCanL RESEARCH
CONCERNING THE PHENOMENA OF CRACKING OF
NICKEL BASE AUSTENITIC ALLOYS'

J. Blanchet, H. Coriou, L. Grall,
C. Mahieu, C. Orrer, and G. Turluer®

In 2 number of studies,'”® we have shown that austenitic
alloys (nickel-chromium-iron) with high nickel contents (Ni
= 77%), such as Inconel 600, are susceptible to the
phenomena of stress corrosion. The cracking is essentially
intergranular and appears in deraineralized water, at 300
and 350 C, in the absence of oxygen, chlorides, and traces
of certain harmful impurities (lead),* and at the bottom of
recess zones. It is sienificant that the period of incubation
preceeding the appearance of cracks is long (on the order of
mmm'gdmamj. Incone!
600 type alloys are often recomraended for the construc-
tion of various reactor components that undergo stress: steam
generators and internal structures of high-pressure water

reactors. We will review some previous results in the first
part of the paper.

Tests in Water at 350 C

The numinal compositions of the alloys are as follows:

(1) Cr 17%, Ni 10%. (2) Cr 17%, Ni 35%, (3) Cr 17%, Ni
45%, (4) Cr 17%, Ni 77%, (5) Cr 20%, Ni 45%, Mn 5%, and
{6) 1aconel 600.

We have performed experiments with 1 mm sheet
specimens in the quench annealed condition. The exact
compositions of these alioys are given in Table 1.

&

Pure Water

These allovs have been tested under the three following
conditions: /1) medium: demineralized and deoxygenated
water (O; € 3 e - k2™'); (") temperature: 350 C, and (3)
siress applied by flexure (0.5¢ p'r'nanen. deformation)

Cracking of the alloy Cr 17%, Ni "”; noted after 6
months of testing. and that of Incone] 600 after 9 months
Figures | and 2 show the micrographic aspect of the
cracking for these two materials. The cracking occurs

S ——————
(1) R
Translated from the French by R, D. McCright,

*Commissariat 3 I'Energie Atomigue, Centre d'Etudes Nicleaires de

l ontenay-aux-Roses, Fontenay-aux-Roses, France

FIGURE 1 — Alloy Cr 17%, Ni 77% cracked after 5x
months of testing in 350 C water,

almost always intergranularly wish, however, a few rare
transgranular paths for the alloy Cr 17%, Ni 77%. The cther _
alloy types: Cr 17%. Ni 10%; Cr 17%, Ni 35%; Cr 17%, Ni

45%; and Cr 20%, Ni 45%, Mn 5% do not show any
cracking whatsoever after 10 months of lCS’I"‘g Other

s 2 in Inconel

Lef-v"‘ws ’pu- ;_ 1sQ moﬂu::f‘ stress cracki

lt is noted (h:l crn,n:ng as sho»wn in igure 1 occursin
alloy whose composition is similar to that of Inconel
but which has been specially prepared by vacuum
a very low carbon content, C = 0.002%

;ﬂi]"f 10 to 20 times as much carbon).
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Except as otherwise indicated, these studies have been
performed at 350 C in water with a very low oxygen
content (O; € 3 ug - kg ™' vand whose initial resistivity is
greater than 1 MO<m.?) The autoclaves are made of
18/10 stainjess steel.

Relat:onship Eetween the Stress and
the Time to Failure

This relationship has been studied on Inconel X 750,
which has the same basic conTposition as Inconel 600, but
with additions of elements for structural hardening (Al, Ti,
Nb). Cylindricai test specimens (¢ 2.2 to 4.0 mm) have
been machined from 2 bar that the fabricator had heat
treated in such a way to obtain a yield stress E3%° c'®
= 80 kg - mm~?. The composition of the alloy expressed in
percent is given in Table 2.

TABLE 2
W g e | g et P
[4 (=] e - L ) . L ~ n -

DO4 152 TS 012 039 ODO4 &4 100 188 OF
S Ll 9)

Experimental Method. The stress is applied in tension
by means of the appaatus shown in Figure 6 and
constructed entirely of 18/10 stainiess steel. This apparatus
consisted principally of a calibrated piston, provided with a
cooled toric joint, and upon which the pressure from the
saturated steam at the test temperature acts. An assembly
of eitht specimens, fastened together with anchoring pieces
and electrically insulated by oxidized Zircaloy 2 rings, is

[
k!
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T
i
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FIGURE 6 — Autoclave with tensile stressing appa-
ratus, Detail of specimen arrangement

e resistivity measured after opening the autoclaves when the
specimens have {ractured was always on the order of 0.2 MS2em,
‘J'Enhov‘a note - This shorthand nomenclature indicates the
respective 0.2% offset yicld stress at the indicated temperature
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FIGURE 7 = Initial surface condition: longitudinal
section of a specimen before test,

- - — R

FIGURE 8 — Speamen cf Inconel X 750 broken
after 210 hours in 350 C water under tensile stresc
o= 1260%° €,

attached at one end to the piston and at the other to a
fixed point situated at the end of a thick perforated tube
which leads to the bottom of the autoclave. By action of
the saturated steam, the piston exerts 2 tensile force which
is known by previous calibiation. The diameter of the
exposed part of each of the test specimens is chosen in such
a way that the test specimen undergoes the desired uniaxial
stress.

When 2 specimen fractures, a solitary finger of the
piston activates a microswitch which cuts off the heat to
the fumace of the autoclave. The recording of the
temperature curve allows the determination of the exact
time to failure of the specimen. After the autoclave is
opened, all of the samples are” examined by optical
microscopy. The cracked specimens, as well as the broken
ones, are withdrawn and replaced.

This method of tensile straining with constant load is
severe. 1a effect, when a crack starts to form, the uniaxial
stress inzieases and this tends to accelerate the cracking.

The surface preparation of the specimens involved 2
finish machining (Figure 7) followed by ultrasonic cleaning
in 2 temary mixture of acetone-alcohol-toiuene. Diameters

. of the test specimens have been chosen in order to obtaia -
the following2pphied stresses: 0.4; 0.6, 08,1.0, 12 o3 -

350 C. (The precision of the diameter of the exposed part
of the specimens involves an error of the calculated stress
less than or equal to 1%.)

Results. Fractures of the specimen (Figure 8) result
from a characteristic intergranular cracking (Figure 9). For
each stress Jevel, the result has been obtained from 1010 20
test speicmens and the results are expressed as the Jength of
time necsssary 1O cause rupture or cracking of a given
percentage of the specimens (Table 3).

We can. thus. draw a curve for each alloy, o = f(1), 0
being the applied stress and t being the length of nme
necessary to crack 507 of the specimens (Figure 10).

The time of failure increases significantly when the
stress level is lower, this factor being much more important
for small applied stresses. For the range of stresses studied.
the shape of the curve o = f (1) dogs pot indicaie Lu¢
existance of a threshold stress layel below which cracing
would not oceur for each given aliov.




FIGURE 8 — Intergranular aspect of cracking in
Inconel X 750 tensile stressed (0 = 1.0 E 2.2 350 C)
after 510 hours in 350 C watar.
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FIGURE 10 - Relationship between the applied
stress and time until 50% of the specimens 3iled in
water at 350 C. (Note: X-axis = time, in hours, before
fracture »r cracking: Y-axis = applied stress;,
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Nickel base, nickelchromium.iron alloys (litfer from
18/10 stainiess steels by 2 smaller suh.h.h.'y of carbon in
the austenitic matrix: thus. carbides yre frequently observed
i industrial alioys.'® It has heen Previously shown' that
an Inconel 600 type alloy, with 3 very low carhon content
(C = 0.002%), in pure water at 350 ¢ shows 5 susceptibility
10 stress cracking practically identical 10 that of commercial
Inconel 600 alioy in the quench-annealed stare. Liectron
microscopic examinations show ntergranulys precipitations
in the commercial alioys, whereas the grain boundaries of
the low carbon alioy are free of carbide precipitates. As a
complement to this study, it appeared interesting to us to
examine the occasional influence of certain heat tresis
ments, such as those of sensitization. '

Operating Conditions. The materials studied inciude
two industrial grades of Inconel 600 and an alloy of the
type Cr 17%, Ni 77% with 3 particularly low carbon
content. The compositions, expressed as percent, of these
different alloys are given in Table 4. s

TABLE «
e e e .

L = n

< ~
A= i 800 0053 ns aw se o
8 ¢ n—— 00 000 s ™ Az an  axe
€ = Asey 17T 2007 3 108 o L

il
l

Test specimens (50 x 10 x 1.0 or 1.3 mm) were
descaled ir a hydrofluoric-nitric acid mixture in a manner
to regularly eliminate about 10 um of metal from each face
This descaling is performed either after water quenching or
before the sensitization trearment when this is applied.

All of the test specimens then undergo an activation
treatment in dilute hydrochloric acid foliowed by a
passivation treatment in nitric acid. A photomicrograph
taken of each lot after descaling indicated the absence of
intergranular indentations on specimens so prepared.

The specimens are stressed in a horseshoe by cold
forming with the aid of a mandrel and a moid. The
specimens are then inserted in 2 stirrup and mounted on
supports of the same grade of material. These assemblies, -
which are analogous to those in Figure 9 but without
galvanic coupling, are eiectrically insulated from the
support assembly and from the autoclave by fritted alumina
pieces for tests performed in water and by - oxidized= =54
Ziscaloy for-tests performed in tithium hydroxidé. .~ . =~

The maximum stress of the external fiber at 20 C,
evaluated by strength of material calcuiations and by
micro-hardness measurements, is estimated at 180 = |15%
of the yield stress of the alioy before bending.

The starting values of the yield stress Ep.2 for the
various grades are given in Table 5.

TABLES
Eg.2 at ZO_C n
kg * mm
A = Inconei 600 40
B = inconel 600 24
C=Alloy 17/77 23
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corresponds to an industrial treatment of incomplete
solubtlity of the carbides; (2) the quenched condition
which is obtair:d by a complete solubility of carbides with
the appropnate heat treatment, holding from one to two
hours at 1100 C followed by water quench; and (3)
sensitized condition characterized by precipitation of car-
bides principally at grain boundaries after a treatment of
one hour at 700 C followed by quenching in helium gas.
For the specimens treated above, tensile tests and

electron microscope examinations were performed. Table 6 .

summarizes the characteristics of the ~<udied alloys.
Results. - The proportion-of cracked specimens, as well
as the elapsed time before cracking, are gathered in Table 7.
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The following points are concluded from these tests:
(a) All of the alloys tested in the as-received state were
susceptible to intergranular cracking, although the appear-
ance and distribution of carbides were very different from

o~ Oone alloy ta another, [b)_the_same alloys tested in the

cracking. This treatment resulted in the complete solfution
of carbides and the absence of carbides in grain boundaries;
and (c) a_sensitization effected from the as-
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3s-quenched state- also—were-susceptible 10 intergranular = T 0 =

@ received state Jor the two grades of Inconel 600 retarded
stress_cracking. In effect, under our operating conditions

and after 10,000 hours of testing. no cracking was observed
at all in these specimens.

This behavioral difference is especially remarkable for
specimen A (Inconel 600). Cracks of samples in the
as-received condition were repeatedly observed after 1500
hours of testing whereas in the sensitized condition no
intergranular cracking at all was observed.

On the other hand, foralloy C: Cr 177%/Ni 77%, with &
particularly low carbon content, (000-,c) and with 2
sensitization treatment of 700 C, no carbides were precipi-
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FIGURE 11 = Alloy A (inconel 600) eiectron
microscopic examinations. A1 = as received condi
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FIGURE 12 — Alloy A (inconel 600) electron
microscopic examinations, A2 = Quench:d in water
after 2 hour treatment u 1100 C
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tated in the gr:un boundaries as is shown in Fxgurc 18 Thc
suscepubnhty of this alloy to stress corrosion is, therefore,
practically the same whatever its heat treat nent.

Influence of Coupling with Other Me*ars

A study has been made on the influence of coupling
with mild steel, with stainless steel (Cr 18%/Ni 10%/C <
0.03%), with gold and with platinum, on the stress
corrosion of Incone! 600 alloys (grades A and B) and
Inconel X 750 whose composition expressed in percent is
gven in Table 8. This alloy has a yield stress Eg 3 20C =
84 kg - mm ™%,

The specimens were tested in the as-received condition
(see Table 6) und descaled in a hydrofluoric-nitric medium
(thickness rmoved: 10 um).
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FIGURE 13 - Alloy A (inconel 600) electron
microscopic examinations. A3 = Sensitized condition
(one hour at 700 C).
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FIGURE™ 14 ==~Alioy - B - (Inconel- 600} “sléciron —
microscopic examinations. BT = as received condi-

tion,

The couplings were made in the apparatus previously
described, avoiding all crevice effects between the materials
as illustrated in Figure 19. The stirrup and the holding
screw are, moreover, made of Inconel 600 in order to
eliminate all parasitic effects.

These tests were carried out in demineralized water,
whose initial resistivity was greater than | M{-cm, and in
solutions of lithium hydroxice whose pH was 0.5 and
11.5. These various solutions were deoxygenated (O, < 3
pg-kg™').

At each opening of the autoclaves for examining the
specimens, the resistivity ol the water was on the order of

0.2 MQ<m. The variation of pH in the lithium hydroxide

solutions never went beyond 0.5 pHunits.

.
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FIGURE 15 - Alloy B (Inconel 600) electron
microscopic examinations. B2 = Quenched in water
after 2 hour treatment at 1100 C,
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microscopic examinations. B3 = Sensitized condition
(one hourat 700 C).

The results are summarized in Tables 9 and 10.

In w:ter the test performed with cold-worked Inconel
600 (E3%C = 40 kg-mm™?) indicates that coupling with
gold leads to the absence of cracking for the conditions and
for the time considered.

Coupling of this alloy with stainless stee] seems to have
a slightly untavorable influence, but this is not very clear
under our conditions.

In lithium hydroxide at pH = 11.5, the etfect due to
coupling dues not seem to be detectable. This medum
exercises a retarding action on cracking.

After 12,009 howis of testing in water 350 C, we note 2
pasismite influence of coupling grade B Inconel 000 and
Inconel X 750 with mild steel. The same conclusion cannot

-~

'I"
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FIGURE 17 = Alloy C (Cr 17%, M& 77%, C 0.002%)
electron microscopic examinations. C2 = as rece.ved
condition,
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FIGURE 18 — Alloy C (Cr 17%, Ni 77%, C 1.002%)
electron microscopic examinations. C3 = Sensitized
condition (one hour at 700 C).
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TABLES-* ™~ - 7
(Compositions E xpressed in Percant)
c Cr Ni Mn s Fe Al T
00s 147 709 0.10 005 6.20 .66 1.96

be made from Inconel 600 coupled with 18/10 stainless
steel,

influence of Grain Size

Some tesis were performed on Inconel 600 specimens
with 2 relatively large grain size (between 200 and 300 m).
These specimens were descaled in *he hydrofluoric nitric
acid medium (thickness removed: 10 um).
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FIGURE 19 - Horseshoe apparatus. Sampie of
Inconel 600 (interior) coupied to goid (exterior)
without crevice effect ; ) :
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FIGURE 20 - Intergranular cracks (paths AB and
CD) obtained in Inconel 600 with very large grains,
AB polish with diamond paste; micrographic attack
(aqua regia and glycerin): CD polish with diamond

FIGURE 21 - Example of intragranular cracks.,
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tained at constant conditions, with a bending stress (0.5%

“ cold permanent deformation), microscopic. examination. .

reveals a characteristic intergranular_crackigs (Figure 20).

his phenomeng is, therfo-e, quite comparable to that

observed for the ysual allov whose grain size 15 generzlly on
the order of 20 to 40 um.

“ However, under our particular conditions, we note the
appearance of a few rare cracks of an intragranular nature
but which do not go beyond the perimeter of the grain for
the time of our test (Figure 21).

Influence of the Structure' '

After 2 complete aging heat trcatment, Inconel X 750
attains a yield stress ol about 80 to 90 kg - mm™ by
precipitaiion ol intermetallic compouads. It is, therefore,
possible to vary the structure and che resulting mechanical
properties from the solution treated condition (yicld stress
35 kg - mm~?) to complete precipitation (maximum
hardness).
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FIGURE 22 — Tersile specimen (a = 2/3 E5 5 300
C) after 2,000 hours in 350 T deoxygenated water,
Imtergranular nature of the crack.

FIGURE 23 — Bend specimen (Eg 3 300 C =86 kg -
mm *j after 2,000 hours in 300 C deoxygenated
water, (a) Fracture zone of the sample; (b) example
of intergranular cracking in the middie of the bent
region of the specimen,

Some specimens of this alloy have been tested under
the same conditions as before, either in flexure or in
tension, in deoxygenated water at 300 and 350 C. The
surfaces preparutions are identical to those used for the
other cases described above.



FIGURE 24 ~ Intergranular m:ckir? of a bend
specimen (Eg 3 300 C = G8 g - mm ™) after 2,000
hours of testing in 300 C deoxygenated water.

The following -esulted: (a) Temsile specimens stressed
to 2/3, 3/4, and 1 Ey 5300 C, with or without notches,
were all broken by an intergrammsiar process after 2,000
hours of testing at 300 C for the alloy heat treated to the
strength of 86 kg - mm™ (Figae 22). Specimens with
jower mechanical properties (68 kg - mm ™) did not crack
after 6,000 hours of testing; (b) Bend specimens (0.5% cold
permanent deformation) underwent intergranular cracking
after 2,000 hours at 300 and 350 C, whether the metal was
heat treated to 86 or 68 kg - mm™*). However, this
cracking was clearly more severe for the alioy with higher
mechanical properties (Figures 23 and 24); and (c) Some
bend specimens, made from sheet material which was

quenched after solution treatmeat (yield stress- 35 kg - -

mm~2), did not show any cracking. These tests went
bevond 8,000 hours at 350 C.

These results confirm that Inconel X 750, in the
hardened state, has a susceptibility to intergranular sticss
cracking much more severe than the homogeneous Inconel
600 alloy. Furthermore, the role of the structure factor is
noted since the suscep'ibility is greatly o« :red when the
intermetaltic precipitates are decreased in number and the
resulting mechanicai properties decreased. In the extreme
case. Inconel X 750, in the quench afier solution annealing
condition, seems to behave similariy to Inconel 600.

Observations on the Cracking Process—
Role of Sulfur.

Scanning electron microscopic  examination and
analvsis of the emitted X.rays bear on the intergranular
cracking process for the alloys studied.

The samples examined were cracked under stress at 350
C i demineralized water (O; < 3 pg - kg™’ ). Inconel 600G
in sheet form was bent (0.5% cold permanent deformation).
Cracks were produced betweea six and nine months of
testing. Inconel X 750 in bar form was tensile tested (C.6 E
0.2 350 C). Fracture cccurred after 800 hours of testing.

The following points are made from the tesi: (a)
Microfractography confirms the microscopis observation
that the cracking is intergranular in nature (Figure 25). This
cracking is then transformed into an aspect of brutal
fracture of a ductile transgranular type (Figure 26). (b) in
the propagation zone of th. intergranular crack, the
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FIGURE 25 — Intergranular aspae. of cracking
(Inconel 600 type alloy).

FIGURE 26 — Transition between intergranular
cracking and brutal ductile transgranular fracture.
(inconel 600 type alloy).

presence of numerous crysialline precipitates at the grain
surface is noted. These precipitates are dispersed or in
aggregates in platelet or rod-ike form (Figures 27 and 28);
(c) these precipitates have a tendency to be more abundant
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FIGURE 27 - Precipitates at grain surfaces on flanks
of the crack (Inconel X 750).
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FIGURE 28 — Precipitates at grain surfaces or flanks
of the crack (Inconel X 750),

in the zones near the lip of the crack. They become rare in
the neighborhood of the propugation zone and are non-
existent in the zone of brutal fracture, They are not
observed except in a few rare cases on the extesnal surfaces
of the samples; and (d) anulysis by emitted X-rays ol the

FIGURE 29 - X.ray »mission spectrographs. Precipi-
tates: a2 = aluminum; b = sulfur; ¢ = ttanium; d =
chromium; e = iron; f = nickel,

precipitates reveal that they are very rich in sulfur,
frequently in nickel (Figure 29), and that they can also
contain some iton. The X-ray image, compared to the
electronic image, confirms this point very well (Figure 30).
According to our ohservations, it seems possible that
intergranular cracking of the alloys rich in nickel, such as
Incone! 600 or Inconel X 750, is related to the presence of
sulfur containing compounds in the metal. We can make the
comparison with the properties of nickel, even high purity
nickel, that is embrittled at grain boundaries by segregation
of manganese and nicksl sulfides, this occurring for a sulfur
content as low as 0.0009%" * In the alloys containing 75 to
e mickel such a segregation is thought te occur. These
compounds, which are probably unstable in water at 350 C,
lead. to the formation of a :trongly sulfurous medium in
the small metal volume at the oottom of the crack. This
region would then be favorable to a rapid point by point
dissolution of the nickel rich alloy. Precipitates found on |
the flanks of the crack would be products of this reaction.
This mechanism would explain that the observed
phenomenon is rather specific to alloys with a high nickel
content; therefore, if the concentration of this element was
lowered, the process would not occur. s
Furthermore, since the nature of the sulfur oompounds
and their distribution in the alloys are not controlled, great
differences should be produced by different melting and
fabrication techniques. This would explain the apparent
divergencies observed between different batches with the
same nominal composxuon
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s S ~ Conclusions < -~ ~“Tra L

Different service conditions for “nickel-chromium-
iron™ austenitic alloys with high nickel content, such as
Inconel 600 and X 750 type alloys, exert an important
influence on the susceptibility to intergranular fracture of
these materials in water at 250 C. The following points are
made:

. The time to failure oOf Inconel X 750 increases
sharply when the stress decreases. However, it does nct
appear from our tests that there is a threshold stress below
which the phenomenon is not produced. Cracking has been
observed for a value as low as 0.4 E 5 350C.

2. Certain heat treatments can strongly influence the
behavior of Inconel €00. We have shown that a sensitiz tion
at 700 C, alttougn producing an intergranular precipitation
of carbide, notably slows down the cracking process.
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FIGURE 30 = Electronic images:{ztiove) and™X-rays
(below) from the same zone of the crack, showing the
association of sulfur with the precipitates {Inconel X
750).

3. The important role played by certain galvanic
efiects have likewise been showr.. Contact with a noble
metal. such as gold, exerts a protective effect: contact with
carbon steel leads to a strong acceleration of the cracking
process, on the contrary. 18/10 stainless steel may have a
shghtly unfavorable influence. However, it is recalled that
the influence of these various couplings has been deter-
mined in the absence of crevice effects. These effects can
perturb the cracking phsnomenon, occasionally accelerating
i,

= - Thus, the complexity of industrial installations-in-"- ..

water 3t . however, the appearance ol some intra-
granular cracks was noted on certain large grains,

S. The inflluence of the structure has been shown
on alloy Inconel X 750. The susceptibility to stress
carrosion decreases greatly if the intermetallic precipitates
become less numerous and the resulting mechaniz)
properties decrease.

6. A mechanism is proposed and related to the—’p.,
presence of suliur conlaining compounds in the metal. This
can explain certain of the observed phenomena.
evitably leads to the simultaneous intervention of numerous .
parameters whose interactions can be contradictory. Conse-
Quently, the reg] service behavior of Inconel 600 and X 750
type alioy will be apparently quite variable: it js, the s
:1:: to adop! the greatest prudence in their application, «€—
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DISCUSSIONS

J. H. Westhrook, General Electric Corp.:

At the Moatreal grain boundary meeting next
month ' * Dr. Floreen and | will report some results on
highly pure Ni-S binary alloys which | believe are very
complementary to and confirmatory of the very interesting
studies you have just described to us. Our alloys raaged
from about 20 ppm S to less than ! ppm .S (!) and we were
monitoring the grain boundary interaction with S by the
microhardness technique we have previously reported (Acta
Met., Vol. 17, p. 1175 (1969)). Quenching from 900 C
shows no grain boundary hardening for all compositions;
sow cooling from that temperature shows an amount of
hardening decreasing with decreasing S but still sensible at
<1 ppm S. Reheating, after quenching, to modest tempera-
tures (100 to 700 C) brings 21l alloys to a steady state grain
boundary hardness whose value is @ function of sulfur
content. The kinetics of this grain boundary hardening are
such that it is impossible to maintain a soft grain boundary
at room temperature for more than a few minutes following
a 900 C quench. Therefore to examine the possible effects
of sulfurgrain boundary interaction on a bulk property, it
is necessary to make measurements at sub-normal tempera-
tures. Accordingly, tensile specimens were tested at liquid
N; temperature for two conditions: (1) slow cooled from
900 C, and (2) quenched from 900 C tc ice water and
immediately to liquid N;. All allc’s for condition (2)
showed 80-90% RA and predominantly transgranular frac-
ture. All alloys for condition (1) shrwed much reduced RA
figures in the range 3040% (the more so the greater the S
content), and with accompanying increase in the propor-
tion of IG failure. Although these experiments are purely
mechanical and not electrochemical they do show quite
directly the powerful role of even very tiny amounts of S
and its interaction with the grain boundary. Whether the
la.ter phenomenon is properly to be regarded as equilib-
rium segregation, vacancy promoted nonequilibrium segre-
gation, or conventional precipitation is yet to be deter-
mined. Perhaps each plays a role in its proper concentration
mnge,

Authors’ Reply:

These results are very interesting. Thank you for
reporting them. They show that sulfur undoubtedly plays
an important role in the intergrandlar processes in nickei
and presumably in high nickel ulloys.

“’Now published, Canadian Met Quarterly, Jan/Mar (1974).

Our comments will include a very brief review of our
test results on Inconel 600 and then we wish to raisc a
question on the SCC behavior of Inconel 600,

In our laboratores, investigations are in progress o
determine the long-term SCC charactenstics of Inconel 600
in the boiling water reactor envirunment. For purposcs of
this review, only the long-term test data will be presented,
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In the test program, 2 uniaxial tensile specimen of
Inconel 600 failed by intergranular stress corrosion in 550
F water (0.2 ppm O, 0.5 ppm CI7). This specimen was
tested at 125% of the 550 F yield strength. The specimen
was of a crevice configuration, Le., a foil band of Inconel
6.)0 was vrapped around the gage length and the failure
occurred after 6633 hours in the crevice region. Duplicate
companion specimens have not failed after 11,477 hours of
testing. Other creviced specimens in triplicate have not
failed after 11,477 hours of exposure at stress levels of 125,
150, and 200% of the 550 F yield strength in: simulated
BWR water (0.2 ppm O, ). These tests are continuing.

These test data form the basis for our question on the
SCC behavior of Inconei 600 which is related to the effect
of temperature on the SCC of Inconel 600. M. Grall
presented test resuits on specimens exposed at 300 C (572
F) and 350 C (662 F) while our tests were performed at
288 C (550 F). We would like to ask Mr. Gral! to comment
on the possible existence of a temperature threshold below
which SCC will not occur?

Authors’ Reply:

As 2 matter of fact, we never performed experiments
on Inconel 600 at temperatures below 300 C; most of our"
work was performed at 350 C.

Taking into account the generai scatter observed, the
incubation time, for example, we do not consider that there
is a significant difference between the results obtained at.
these two temperatures (300 and 350 C)in high-resistivity.
deoxygenated water,

For lower temperatures, and in different environments,
the possibility exists for a lower susceptibility to cracking,
but we have no data to support this.
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