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BIBLIOGRAPHY AND ABSTRACT S ON STRESS-CORROSION CRACKIN G
OF STAINLES S STEEL, 1935-195 7

BY ROBER T M . FULLER / GEORG E T. PAUL / AND ALBERT J . MARRON 1

In addition to stress corrosion proper , the embrittlement of chromium stee l is in-
cluded in the subject matter covered. Distinction is drawn between the two processes
in some articles.

This bibliography woul d appear t o present a n imposing array of evidence agains t
the use of stainless steel. I t canno t be emphasized to o clearly, however , tha t suc h
failures occur primarily in the chemical industry wher e a relatively smal l percentag e
of the stainless stee l is used. Even in the chemical industry, failures by stress-corrosion
cracking are relatively rare . The rapid progress of such attack and the serious nature
of th e consequence s of such failures are responsibl e fo r th e presen t concentratio n o f
attention bein g paid t o thi s subject .

1935
(1) E . S . Dixon, "Petroleum Refineries, " The

Book o f Stainles s Steel s (E . E . Thum) ,
Am. Soc . fo r Metals , Cleveland , Ohio ,
Chapter 18 , pp. 581-594 , Second Editio n
(1935).

Cracking of 18 chromium-8 nickel stain-
less stee l unde r tensil e stres s i s reporte d
in tube s installe d i n heaters , hea t ex -
changers and condensers. Media described
as causin g th e crackin g ar e wate r (kin d
unspecified) a t 7 0 to 12 0 F an d cracke d
naphtha a t 11 0 to 120 F.

(2) P . D . Ffield , "Airshi p Construction, "
The Book of Stainless Steels, (E. E. Thum)
Am. Soc . Metals , Cleveland , Ohio , pp .
679-686, Second Edition (1935) .

Certain analyse s o f straigh t chromiu m
steel are subject t o stress corrosion in salt
spray or in sea water. Many modifications
from 1 2 t o 1 6 per cen t chromiu m have
been teste d i n th e Goodyear-Zeppeli n
laboratory an d foun d withou t exceptio n
to stress-crack. The necessary stress level s
differ. Groun d surface s accelerat e th e
cracking, whil e a pickled surfac e is some-
what les s susceptible . I n constructio n of
the Britis h airshi p R-10 1 th e 1 3 per cen t
chromium stee l wa s heat-treate d afte r
fabrication a s follows: heated t o 180 0 F. ,
then air-coole d belo w th e uppe r critica l
point, the n water-quenched , the n re -
heated t o 800 F. Tension wa s maintaine d
on the tube during the entire treatment .

1936
(3) E . J. Kennedy, Jr., "Transcrystalline Dis -

integration o f 18-8 Steel," Mining Metal-
lurgist, Vol. 17 , p. 15 9 (1936) .

Stress-corrosion crackin g of 18- 8 stain -
less tube s i n acid-treate d naphth a an d
clay-treated naphtha , reporte d by H . M.
Wilten.

1939
(4) S . L. Hoyt and M. A. Scheil, "Stress-Cor -

rosion Crackin g i n Austeniti c Stainles s
Steels," Transactions,  Am . Soc . Metals ,
Vol. 27 , pp. 191-22 6 (1939) .

A summary is given of the result s o f a
series of corrosion tests made on differen t
types o f austeniti c stainles s steels . Th e
authors discuss the use of a new test which
they hav e employe d t o determin e th e
stress-cracking tendencie s of th e austen -
itic stainless steels. The test combines heat
treatments whic h ma y aris e fro m th e
necessity of heating, forming an d welding
with stress which may be present in equip-
ment fabricated from thes e alloys.

Actual formatio n o f ope n crack s i n
chemical equipment was studied and labo-
ratory stress-corrosion tests made to dupli-
cate th e condition s of service bearing o n
this tendenc y towar d cracking . Stress -
corrosion crackin g i s show n t o b e inter -
granular in nature with the stee l stresse d
and subjected t o suitable corrosive condi-
tions, although the susceptibility to inter-
granular attac k i s no t alway s sufficien t
to produce cracking.

The variabl e behavior i s discussed an d
believed to be due to some quality a  char-
acteristic o f th e stee l i n th e as-receive d
condition. Th e author s failed t o produc e
stress-cracking in stabilized alloy s or with
properly quenche d austeniti c stainles s
steels.

(5) E . E . Thum , "Critica l Points, " Metal
Progress, Vol. 36, p. 15 6 (1939).

Stress-corrosion appearanc e i n stain -
less stee l i s described , an d severa l pub -
lished description s mentioned . I t i s
quoted tha t al l varietie s o f the 30 0 and
400 series stainless steels must be promptly
annealed afte r heav y col d working , els e
acid fumes fro m piclking tanks may cause
wholesale cracking.

1 Corrosion Engineering Section, Development
and Research Division, The International Nickel
Co. Inc., New York, N. Y.

1940
(6) J . C. Hodge and J. L. Miller, "Stress-Cor -

rosion Crackin g of Austenitic Chromium-

Nickel Steel s and It s Industria l Implica -
tions," Transactions,  Am. Soc. for Metals ,
Vol. 28 , March, 1940, pp. 25-82 .

A number o f service failure s of austen -
itic stainles s steel s occurre d as resul t of
the formatio n of localized cracks. Investi -
gation disclosed that the failures involved
a conditio n o f interna l stati c stres s an d
exposure of the stressed material to certain
corrosive media, which in some cases were
so inactive that they lef t ordinar y carbo n
steel unaffected . Th e failures  wer e identi -
fied as the stress-corrosion type and closely
allied t o "seaso n cracking " o f certai n
brasses and to the less frequent stress-cor -
rosion cracking in other metals , fo r exam-
ple, caustic embrittlement o f boiler plate .
It wa s determined tha t such stress-corro -
sion cracking in the austeniti c chromium-
nickel steels ma y manifes t itself eithe r as
an intercrystalline or as a transcrystallin e
failure. Factor s whic h include th e stres s
intensity, strengt h o f th e corrosiv e me -
dium and susceptibility o f the materia l to
intercrystalline corrosio n determin e th e
path o f th e failure . Stabilizing elements ,
such a s titaniu m an d columbium , were
found ineffectiv e i n preventin g trans -
crystalline stress-corrosio n cracking , bu t
intercrystalline susceptibilit y wa s absen t
and a  somewha t higher stres s valu e was
required. T o eliminat e th e possibilit y o f
stress-corrosion failure, fabricating stresses
must be removed by an elevated tempera-
ture treatmen t an d th e materia l slowl y
cooled t o preven t therma l stressing . Th e
evidence indicate s tha t eve n suc h hea t
treatment i s ineffectiv e whe n tw o metal s
having differen t coefficient s o f therma l
expansion, such as 18- 8 and carbo n steel,
are joine d b y welding . Corrosiv e media
capable o f producin g stress-corrosio n
cracking in the austenitic chromium-nickel
steels are limited i n number. The mixture
of ethy l chlorid e and wate r was foun d t o
be effectiv e i n producin g stress-corrosio n
failure o f thermowells ; anhydrous ethy l
chloride wa s not . Ferri c chlorid e an d
mercuric chloride solutions were also found
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to have a damaging effect. It is argued that
the mechanis m o f stress-corrosion failur e
is simila r t o tha t o f corrosion-fatigu e
cracking.

Discussion followed b y Wilten , Steckel,
Scheil, Brooks, White, Upthegrove, Aborn.
Wilten reported failur e of a type 18- 8 lin-
ing exposed at 460 to 500 F (240 to 260 C)
to a  lubricatin g oi l distillat e containin g
sodium hydroxide . Brook s suggested tha t
surface notches or pits, as formed in stain-
less by chloride , should increase suscepti -
bility to cracking by reducing the over-all
stress necessar y to caus e initial cracking .

1942

(7) H . J . Rocha , "Spannungskorrosio n aus -
tenitischer Stahle (Corrosio n of Austenitic
Steels Under Stress," Technische Mitteilun-
gen Krupp, Forschungsberichte,  Vol. 5, No.
1, pp. 1-14 , (1942) .

Details ar e give n o n tw o solution s fo r
testing austeniti c steel s fo r propensity t o
corrosion under stress.

Steels with 1 8 per cen t chromium were
studied fo r effec t o f carbo n an d nicke l
(7.6 to 1 2 per cent ) contents , and o f cold
working an d structur e (proportion s o f
ferrite, martensite and carbide) upo n cor -
rosion under stress i n thes e solutions .

The nature of cracks (inter or intragran-
ular) and thei r causes are discussed .

(8) H . J . Rocha , "Stress-Corrosio n o f Aus-
tenitic Stainless Steels; Review of Current
Literature," Stahl  un d Risen,  Vol . 62 ,
Part 2 , pp. 1091-109 4 (1942) .

Failures i n servic e d o no t necessaril y
correlate wit h laborator y tes t results .
True stres s corrosio n i s th e typ e whic h
produces transcrystallin e crackin g i n
homogeneous gamm a soli d solutions .
Sensitivity of steel i s defined a s the vari -
ety of conditions to which it is susceptible .
The physica l conditio n o f th e austenit e
and th e susceptibilit y t o stress corrosio n
are affecte d adversel y b y tensil e stress ,
cold deformation , and supersaturatio n o f
the austenit e a s show n b y th e constitu -
tion diagram . Contradictor y behavio r i s
mentioned wher e a  1 9 chromium-7. 5
nickel steel , containin g abou t 4  pe r cen t
ferrite, di d no t stres s crac k i n calciu m
chloride solution . Th e effec t o f carbo n
content an d o f martensit e o n crackin g is
also discussed. The ktter is dependent on
the abilit y o f th e tes t solutio n t o selec -
tively attac k th e martensit e in th e pres -
ence of austenite.

To tes t typ e 18-8 stainless steel , Cariu s
used a  mixtur e of 40 to 6 0 parts calcium
chloride i n 6 0 t o 4 0 part s o f wate r t o
which rs t o 1  per cen t mercuri c chloride
was adde d a s a n accelerator . Man y ir -
regularities i n servic e di d no t correlat e
with th e tes t results . Usuall y cold defor -
mation increase s th e sensitivit y bu t i n
other case s th e opposit e i s tru e an d s o
far ha s no t bee n explained . Also , th e
start and path of the cracks appear to be
arbitrary. T o establis h a  commo n view-
point, the metallurgical and electrochemi-
cal factors must b e considered. It i s sug-
gested tha t a  stress-produce d martensitic
transformation provide s th e anode s fo r
electrolytic stres s corrosion.

1943

(9) M . A. Scheil , O . Zmeskal, J. Waber , and
F. Stockhausen , "First Repor t o n Stress-
Corrosion Crackin g of Stainles s Stee l i n
Chloride Solutions," Welding Journal, Am.
Welding Soc., Vol. 22 (Supplement) , Vol.
8, pp. 493s-504 s (1943) .

Tests wer e conducte d t o selec t a  tes t
solution which would indicate the suscep-
tibility o f stainless stee l t o transgranula r
cracking, correspondin g t o th e Straus s
test solution used to indicate susceptibility
to intergranula r corrosion . Detail s of th e
investigation and test procedures used are
covered.

Stainless steels tested wer e type s 302 ,
304, 309 , 316 , 317 , 321 , 329 , 347 , 403 ,
410, an d 430 . O f variou s chlorid e solu -
tions, boiling 40 per cent magnesium chlo-
ride plu s hydrochlori c acid t o p H 4  had
the mos t favorabl e characteristics , an d
was recommended for furthe r study .

(10) M . A . Scheil , O . Zmeskal, J. Wabe r and
F. Stockhausen, "Addendu m to First Re-
port o n Stress-Corrosio n Crackin g o f
Stainless Stee l i n Chlorid e Solutions, "
Welding Journal,  Am. Welding Soc., Vol.
22 (Supplement) , Vol . 8 , pp. 504s-506 s
(1943).

Preliminary test s o n columbiu m sta -
bilized steel s t o determin e th e threshol d
stress belo w which transgranula r crack -
ing will not occur are described. Type 316
(stabilized with columbium) and type 347
alloys were tested. Specimens were stressed
at 20 , 30, 70, and 9 0 per cent of the yield
point, respectively , an d tested fo r a 24 hr
period i n boilin g 6 0 pe r cen t hydrate d
magnesium chlorid e acidifie d t o p H 4
with hydrochlori c acid . On e serie s o f al -
loys wa s give n a  stabilizin g hea t treat -
ment a t 160 0 F an d anothe r serie s o f al-
loys annealed at 190 0 F.

The molybdenum bearing type 316 sta-
bilized wit h columbiu m di d no t stres s
crack i n thi s tes t solutio n a t an y stres s
level. Typ e 34 7 allo y cracke d withi n 2 4
hr at stresse s as low as 20 per cent o f the
yield point. The results are tabulated and
micrographs of structures obtained are in-
cluded.

1944

(11) H . Bennek , "Spannungskorrosionerschei -
nungen be i Eisenlegierungen, " (Stress -
Corrosion Phenomen a i n Iro n Alloys) ,
Korrosion u . Metallschutz,  Vol . 20 , pp .
133-141 (1944).

Stress-corrosion phenomeno n an d th e
form i t take s in iron alloys, a s related t o
structure o f th e material , corrodin g me -
dium, degre e o f stress , an d th e charac -
teristics o f th e stee l i s discussed . Stress -
corrosion crackin g ha s bee n observe d i n
stainless stee l employe d i n concentrate d
alkaline solutions such as sodium hydrox-
ide. Th e dat a presente d o n austenitic ,
ferritic-pearlitic, an d martensiti c steel s
lead t o th e conclusio n tha t trans - an d
inter-crystalline stres s corrosion ar e at -
tributable to the same basic cause. Chlori-
nated organi c compound s whic h ma y
cause attack i n the aqueous state include

aniline hydrochloride , chloroform, carbo n
tetrachloride, an d ethylene dichloride .

(12) M . A. Scheil and R . A . Huseby, "Studie s
on Stress-Corrosion Cracking of Austenitic
Stainless Steel s Type s 34 7 an d 316, "
Welding Journal,  Am. Welding Soc., Vol.
23 (Supplement) , Vol . 9 , pp . 361s-365 s
(1944).

To chec k th e clai m b y Riedric h tha t
18-8 stainles s steel s containin g ferrit e
are muc h mor e resistan t t o crackin g i n
boiling calciu m chlorid e solutio n tha n
the wholly austenitic alloys, several heats
of columbiu m stabilized 18- 8 an d 18- 8
molybdenum (typ e 31 6 an d 317 ) wer e
tested i n boilin g calciu m chlorid e an d
magnesium chlorid e solutions . Tes t pro -
cedures, results and photomicrographs ar e
given. Typ e 317 , wit h a n appreciabl e
amount o f ferrite , wil l no t crac k i n 4 2
per cent calcium chloride, while types 347
and 31 6 wil l sho w cracking . Al l type s
cracked i n abou t th e sam e tim e in mag -
nesium chloride solutions boiling at 15 4 C,
although th e cracking was most severe in
type 347 and leas t sever e in typ e 317. A
magnesium chloride solution reported in a
reference failed to crack 18-8 molybdenum
steel bu t th e sal t use d in th e presen t ex-
periment cracke d many heats a t stresse s
between 10,00 0 and 80,00 0 ps i as well as
types 34 7 an d 30 4 stainles s steel s when
annealed an d stresse d elastically . A  4 2
per cen t calciu m chlorid e plu s 0. 1 pe r
cent mercuric chloride solution was foun d
to be a poo r tes t mediu m due to pittin g
attack. Typica l stress-corrosio n crackin g
of type s 31 6 an d 31 7 teste d i n calciu m
chloride plus mercuric chloride and crack -
ing o f typ e 31 7 in mercuri c chloride ar e
shown photomicrographically . Al l crack s
were transcrystalline.

(13) J . T . Waber , "Stress-Corrosio n Crackin g
of Mil d an d Stainles s Steels, " Thesi s i n
Metallurgy, Illinoi s Institut e o f Tech -
nology (1944) ; ASM Metal  Literature  Re-
view, Vol. 1, pp. 80-8 1 (1944) .

The author evolves a general theory in
which stress-corrosion susceptibility is cor-
related wit h th e eas e o f transformatio n
from a  metastabl e state , suc h a s i n ag e
hardening. I n th e cracking o f boiler plate
steels, heat treatment and stress level were
found t o b e interrelated , an d remedia l
treatments als o were studied. Th e mutua l
effect o f the carbon , nitrogen , and alumi -
num contents were investigated. Effective -
ness o f a  numbe r o f th e consequence s o f
theory were verified with magnesium base
alloys.

1945

(14) A . M. Bounds , "Stress-Corrosion Crack -
ing o f Tubing, " Symposiu m o n Stress -
Corrosion Crackin g o f Metals , Am . Soc .
Testing Mats. , and Am. Inst. Mining and
Metallurgical Engrs. , p . 47 1 (1945) . (Is -
sued as separate publicatio n ASTM ST P
No. 64.)  O . B . J . Fraser , Discussio n of
Stress-Corrosion Crackin g o f Nicke l an d
Some Nickel Allqys, Ibid., pp, 458-469.

Stainless stee l todbmg fafls rathe r fre -
quently unde r stress corrosion condition s
due t o th e metho d of manufacture. Plug-
drawing and rod drawing produce different
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stress patterns , an d sinking and straight -
ening operation s complicat e thes e pat -
terns. Multi-axia l stresse s cause the most
trouble sinc e stress corrosion is more fre-
quent an d sever e when torsio n o r shea r
stress i s combine d wit h othe r stresses .
Stress corrosion is the rule rather tha n the
exception i n a  contro l instrumen t which
uses a hard-drawn stainless tube subjecte d
to torsional loads. Type 347 stainless tub -
ing, hard-drawn , ha s faile d i n kerosin e
containing one half pe r cen t sulfuric acid .

During the discussion, Fraser mentioned
that tube s intended for service under con-
ditions known t o b e conductive of stress-
corrosion crackin g should hav e at leas t a
partial stress-relie f annea l befor e o r afte r
being fabricated into equipment .

(15) O . B. Ellis, "Some Examples of Stress Cor-
rosion Crackin g o f Austeniti c Stainles s
Steel," Symposiu m o n Stress-Corrosio n
Cracking o f Metals , Am . Soc . Testin g
Mats, an d Am . Inst. Mining and Metal -
lurgical Engrs. , p . 42 1 (1945) . (Issue d a s
separate publication ASTM ST P No . 64.)
Discussion, p. 425.

Six failures of stainless stee l b y stress -
corrosion crackin g were examine d in th e
American Rolling Mill Co. research labora -
tories. These occurred in coffe e urns , wool
conditioning units , a  dyeing machine and
a steam-jackete d stock pot . I n eac h cas e
the equipmen t faile d i n a  comparativel y
short tim e after exposur e to condition s of
high humidit y a t temperature s i n th e
range o f 10 0 to 20 0 F . Al l failure s were
characterized b y genera l embrittlemen t
and crackin g o f th e stainles s steel , wit h
only slight indications of general corrosion
except at cracks. Composition of the steels
and result s o f microscopi c examinatio n
are given . Stainles s stee l ha s bee n use d
successfully fo r thousand s o f simila r ap -
plications, an d th e numbe r of failure s o f
this kind has been very small. Discussion
by Feild, LaQue.

(16) R . Franks , W . O . Binder , an d C . M .
Brown, "Th e Susceptibilit y o f Austenitic
Stainless Steel s to Stress-Corrosion Crack -
ing," Symposiu m o n Stress-Corrosio n
Cracking o f Metals , Am . Soc . Testin g
Mats, an d Am . Inst. Mining and Metal -
lurgical Engrs. , p . 41 1 (1945) . (Issue d a s
separate publication ASTM ST P No . 64.)
Discussion p . 425.

Corroding medi a wer e examine d fro m
the standpoint o f promoting susceptibility
to stress-corrosion crackin g in the annealed
and cold-rolle d austeniti c chromium -
nickel steels. Only a few of the corrodent s
have bee n foun d t o caus e thi s typ e o f
failure. Corrosive media that most readily
produce stress-corrosio n crackin g ar e
listed.

In discussio n b y Scheil , Feild , Weber ,
LaQue, Davis, Krivobok , the infrequenc y
of stress-corrosio n crackin g wa s brough t
out. Davi s reporte d tha t meta l (chro -
mium-11 to 1 2 per cent nickel-columbium
stabilized, expose d to condensate contain -
ing not more than 18 ppm chloride) having
a grain direction or rofling direction paral-
lel t o th e ben d wa s foun d t o b e muc h
more susceptibl e tha n wit h th e directio n
perpendicular t o th e bend . Th e forme r
cracked withi n fou r hours , the latte r was
uncracked afte r 5 0 days.

(17) R . B . Mears , R . H . Brown , an d E . H .
Dix, Jr. , " A Generalized Theory of Stress
Corrosion o f Alloys, " Symposiu m o n
Stress-Corrosion Cracking of Metals, Am .
Soc. Testing Mats , an d Am. Inst. Mining
and Metallurgica l Engrs. , p . 32 3 (1945) .
(Issued a s separat e publicatio n ASTM
STP No . 64.) Discussion, p. 340.

Data obtaine d a t th e Alco a Researc h
Laboratory and further theorie s o n stres s
corrosion are presented. Considerable data
deals with aluminum alloys but alloy steel,
stainless steel , copper , magnesium , plati -
num, an d gol d allo y system s ar e als o
mentioned. A table lists corrosion environ-
ment i n whic h stres s corrosion ha s oc -
curred fo r thes e alloys , wit h references .
Causes of localized attack, a technique for
electrochemical measuremen t betwee n
grain an d grai n boundaries , effec t an d
nature of stress, directional effects, stress -
relief, an d cathodi c protectio n ar e dis -
cussed. Corrosion in most cases occurs by
an electrochemica l mechanism . Anodi c
and cathodic characteristics vary with the
nature o f th e corrodin g environment .
Grain boundaries o f pure aluminum shee t
when quenche d in col d wate r are anodic
but becom e cathodic when slowly cooled.
Corrosion o f copper-zinc-nicke l allo y i n
ammonia, of iron-chromium-nickel-carbon
and iron-chromium-nickel-molybdenum -
carbon alloy s in sulfuri c aci d plus copper
sulfate an d o f silver-platinu m i n ferri c
chloride solutions is mentioned.

(18) J . H . G . Monypenny , "Stress-Corrosio n
Cracking of 18-8," Metal Progress,  Vol. 48,
pp. 1119-1120 (1945); Discussion, Vol . 49,
p. 563 (1946).

Examples of stress-corrosion crackin g of
austenitic stainles s steel s i n mildly corro-
sive environment s are cited . On e case i s
that o f a severel y strained 18- 8 stainles s
hospital bowl, which was drawn from pol-
ished sheet and a beaded edge turned over.
No intermediat e o r fina l softenin g wa s
given, and the final product was in a dras-
tically col d worke d condition . Tests with
hydrochloric acid suggest tha t cracking of
18-8 migh t occu r i n cold-rolle d materia l
with a  tensil e strengt h o f 200,000 ps i o r
more, bu t non e occurre d whe n tensil e
strength wa s les s tha n 180,00 0 psi , eve n
when material was subjected to externally
applied stres s whil e immersed in tes t liq -
uor. Th e failure of the bow l indicates th e
wisdom o f softenin g deep-draw n article s
of 18- 8 as soon as possible afte r drawing ,
and o f the dange r which may resul t fro m
using 18-8 in heavily cold-drawn conditio n
for aircraf t structure . The Britis h specifi -
cation fo r cold-rolle d 18- 8 shee t o r stri p
for aircraf t construction limit s the tensil e
strength to 157,00 0 psi.

(19) M . A . Scheil , "Som e Observation s o f
Stress-Corrosion Crackin g i n Austeniti c
Stainless Alloys, " Symposiu m o n Stress -
Corrosion Crackin g o f Metals , Am . Soc .
Testing Mats, an d Am. Inst. Mining and
Metallurgical Engrs. , p . 39 5 (1945) . (Is -
sued as separate publicatio n ASTM  ST P
No. 64.)  Discussion, p . 425.

Stress-corrosion crackin g o f austeniti c
stainless alloy s ma y occu r unde r certai n
corrosion environment s irrespectiv e o f
their susceptibilit y t o intergranula r cor -
rosion.

Test samples ar e describe d fo r investi -
gating stress-corrosio n susceptibilit y o f
alloys for industrial equipment .

A laborator y tes t usin g a  solutio n o f
magnesium chlorid e boilin g a t 30 9 F was
found t o produc e transgranula r crack s i n
several alloys investigated . I n type s 347
and 31 6 stainless stee l tubin g a  residua l
stress o f the orde r o f 10,00 0 psi wa s ob -
served to initiate cracking .

The susceptibilit y t o stress-corrosio n
cracking, a s judge d by th e boilin g mag -
nesium chloride test, indicates that alloys
may b e selecte d whic h wil l withstan d a
high stres s i n service . Th e surfac e finis h
(whether pickle d o r polished ) i s signifi -
cant.

Stress specimens o f stainless alloys in -
cluded i n a  corrosio n testin g progra m
will ai d i n determining the acceptabilit y
of thes e fabricate d alloys, when stressed ,
to the service conditions.

In discussio n by Jasper , Feild , Waber ,
LaQue, Kornhauser , Mackay , Dietrick ,
and Krivobok , th e infrequenc y o f stress -
corrosion crackin g was brought out .

(20) R . Sergeson , "Steel s fo r High-Tempera -
ture Service," Industrial  Heating,  Vol. 12,
No. 7 , pp. 1209 , 1214 , 123 0 (1945) .

Steels fo r high-temperatur e applica -
tions ar e divide d into carbon , lo w alloy,
hot-working, semi-stainless , an d stain -
less steels . Resistanc e t o stres s corrosion,
scaling, creep , an d othe r influence s o f
temperature are considered for each group.

1946

(21) A . De Sy, "The Relation Between Welding
and Corrosio n of Stainless Steels," Trans-
actions, Institute Welding , Vol. 9, No . 2 ,
p. 65 (1946).

Corrosion is examined with reference t o
stainless steels . Intergranula r corrosion ,
pitting and stress corrosion are treated in
detail.

(22) R . Franks , "Stress-Corrosio n Crackin g of
18-8," Metal  Progress,  Vol . 49 , pp . 563 -
565 (1946) .

The write r doe s no t suppor t th e in -
ference mad e b y Monypenny , i n corre -
spondence, of Nov. 1945, that cold-rolling
austenitic stainles s steel s t o b e use d i n
hospital equipmen t made them more sub-
ject t o stress-corrosio n cracking . Dat a
which sho w th e revers e t o b e tru e ar e
presented. I n othe r words , unde r simul -
taneous influenc e o f stress an d corrosion ,
the cold-rolled steels will withstand higher
stress tha n th e anneale d steels . Dat a o n
17-7 an d 18- 8 stainless steels in magnesium
chloride solution previously published are
given.

(23) " A not e o n th e Influenc e o f Nitroge n i n
Steel," Britis h Intelligenc e Objective s
Sub-Committee, Repor t 898 , 6  pp. (Circa
1946).

Information wa s obtained fro m person -
nel of Rheinmetall Borsig. For some steels
nitrogen i s a harmfu l impurity ; i n others
it i s useful an d i s deliberately introduce d
during th e meltin g process. Referenc e i s
made t o nitroge n a s a  substitut e fo r
nickel. Th e savin g i n nicke l effecte d b y
addition o f 0.20 nitroge n i n 1 2 per cen t
nickel-12 pe r cen t chromiu m stee l wa s
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accompanied b y improve d resistanc e t o
stress corrosion.

(24) M . S . Fisher an d H . Brooks , "Investiga -
tion o f th e Strengt h o f Bronz e Welde d
Joints," Transactions,  Institut e o f Weld-
ing (London) , Vol. 10, No. 5, pp. 149-16 0
(1947).

Discussion o f bronz e weldin g a s com -
pared t o othe r method s o f welding joints
in austeniti c stainles s steel s an d othe r
materials. Nickel-chromiu m steel s ten d
to intercrystallm e stress-crackin g whe n
bronze-welded an d becom e hardened an d
brittle. Steels that require heat treatmen t
after weldin g shoul d no t b e bronze -
welded. The corrosion resistance of austen-
itic stainles s stee l i s no t affecte d b y
bronze welding.

(25) L . A . Glickma n an d V . A . Stepanov ,
"Stress-Corrosion Crackin g o f High -
Chromium Steel, " Boiler  an d Turbine
Construction (USSR) , Feb. 1947 , p. 19.

Failure o f 2  stee l bushin g o n th e shaf t
of a  turbin e cause d b y stress-corrosio n
cracking was described an d a  mechanis m
proposed.

(26) L . F . Spencer , "Th e Stainles s Steels, "
Steel Processing, Vol. 33, pp. 474-478, 508,
558-563, 584, 624-629 , 755-76 0 (1947) .

The introductio n classifie s type s o f
stainless stee l wit h application , particu -
larly in high temperatures. Creep data ar e
graphed an d tabulate d an d microstruc -
tures ar e shown . Part I I cover s forging .
Tests of relative corrosion resistance, forg -
ing specifications , equipmen t require -
ments, us e o f radiatio n pyrometer , di e
design, and materials , precautions in gen-
eral an d fo r individua l type s o f stainles s
are covered . Photomicrographs sho w th e
effect o f overheating. The effect s o f forging
at variou s temperatures , ho t rollin g an d
cold drawin g o f 17.4 2 chromium-0.0 5
carbon an d 18.2 4 chrornium-0.1 2 carbon
steels o n mechanical properties ar e tabu -
lated. Par t III deal s with fabrication and
heat treatment after col d working. Inter-
granular corrosion , proper finish for shee t
and strip , formin g an d dee p drawin g
equipment lubricants, annealing and spin -
ning ar e covered . A  tabl e compare s th e
yield, tensil e strength , elongation , Olse n
cup test , an d Rockwel l hardness o f type s
302, 430 , an d 41 0 an d a  dee p drawin g
plain carbo n steel. The effec t o f cold-roll-
ing o n type 302 , and annealin g tempera -
ture with kind of cooling for various type s
of material s ar e als o tabulated . Effec t o f
cold work on tensile strength of types 301 ,
302, 304 , an d 31 6 stainles s i s graphed .
Microstructures sho w stress-corrosio n
cracking du e t o zin c pickup fro m coppe r
forming tool s used in spinning. Par t Ilia
covers cold heading and als o the picklin g
of austeniti c stainles s stee l compositions .
Graphs sho w optimu m concentrations o f
pickling bat h element s an d th e relation -
ship betwee n meta l attac k an d concen -
trations of various pickling solutions, an d
photomicrographs show various structura l
and othe r aspect s o f pickling .

(27) M . H. Springer , E . V. Succop, D . S . Mc-
Kinney, and M . A . Scheil , "A n Attemp t
to Selec t a  Suitabl e Specime n fo r th e
Study o f Corrosio n Crackin g i n 18- 8
Steel," Welding  Journal,  Am . Weldin g
Soc., Vol . 2 6 (Supplement) , Vol . 12 , pp .
530s-538s (1947) .

All specimen s teste d wer e typ e 34 7
stainless steel and were exposed to a single
environment. Test s showe d tha t mag -
nesium chloride , th e stress-corrosio n me -
dium used , doe s no t caus e genera l corro-
sion o r pittin g o f mos t o f th e stainles s
alloys. Contamination of the solution over
a perio d o f 300 hr di d no t accelerat e cor -
rosion. A  variet y o f permanentl y de -
formed specimen s wer e give n variou s
stress relieving heat treatments and tested
to determin e th e effec t o f locked-u p
stresses an d th e effectivenes s o f th e hea t
treatment i n eliminatin g thei r effec t o n
stress-corrosion cracking . Consideratio n
of the data indicates tha t corrosion crack-
ing of austenitic stainless steels requires a
critical combinatio n o f hea t treatment ,
applied stres s and corroding environment.
Specimens an d tes t result s ar e discusse d
and illustrated.

(28) L . J . Wieschhaus , "Use s o f Shot-Peenin g
Other Tha n fo r Fatigu e Durability, "
Product Engineering,  Vol . 18 , No. 8 , pp .
122-127 (1947) .

Use o f shot-peenin g t o inhibi t stress -
corrosion cracking , t o reduc e porosit y i n
metal part s subjecte d t o pneumati c an d
hydraulic pressures , t o test the adherence
of silve r plate, to improve the lubricatin g
properties of plain bearings and t o replace
polishing operation s i s discussed . Mag -
nesium alloys , bras s an d mil d an d stain -
less steels were tested.

(29) C . A . Zapffe , an d M . E . Haslem , "Aci d
Composition, Concentration, Temperature
and Picklin g Tim e a s Factors i n the Hy -
drogen Embrittlemen t o f Mild Stee l an d
Stainless Stee l Wire, " Transactions,  Am .
Soc. fo r Metals , Vol . 39 , pp . 213-23 7
(1947); Discussion, p. 237.

Stainless steel s 440-C , 410 , 43 1 an d
SAE steel s 1020 , 1060 , an d 109 0 wer e
studied i n sulfuric , hydrochloric , phos -
phoric, acetic , hydrofluoric , an d nitri c
acids t o determin e the effect s o f composi-
tion of metal, thermal treatment, mechan-
ical working, composition of acid solution ,
concentration o f acid , temperature , an d
pickling time . Inhibitor s wer e no t used .
Strongly ionize d reducin g acid s (sulfuric ,
hydrochloric, an d hydrofluoric ) cause d
embrittlement ove r a  wid e range o f acid
composition; phosphori c aci d an d aceti c
acid cause d embrittlemen t ove r a  nar -
rower range; nitric aci d caused embrittle -
ment onl y i n SA E 102 0 steel ; an d ni -
tric hydrofluori c aci d mixture s ha d n o
embrittling effect .

1948
(30) H . R . Copson , "Stress-Corrosio n Crack -

ing," Corrosio n Handbook (H . H. Uhlig) ,
John Wile y an d Sons , Inc. , Ne w York ,
N. Y. , pp . 569-578 , 1009-101 4 (1948) .

The principal factors in stress-corrosion
cracking ar e tensil e stress , environment ,
time, an d interna l structure . Crackin g of
stainless stee l ha s bee n eliminate d b y a
stress-relief annea l at 135 0 F for one hour
followed b y furnace cooling overnight .

There i s n o universa l tes t o f suscepti -
bility to stress-corrosion cracking . Correla-
tion betwee n laboratory test s and service
performance i s difficul t t o obtain ; exac t
correlation shoul d not b e expected. Labo-
ratory test s may b e run wit h inferna l o r

applied stress , an d may apply a  constan t
load o r operat e a t constan t deformation .
Environments used for testing th e stress -
corrosion crackin g tendencie s o f stainles s
steel includ e 1 0 pe r cen t coppe r sulfat e
plus 10 per cent sulfuri c acid (Straus s test
solution), boilin g 6 0 pe r cen t hydrate d
magnesium chloride plus hydrochloric acid
to p H 4 , and boilin g 42 per cen t magne -
sium chloride. The latter test environment
is now preferred.

(31) M . G . Fontana , "Stress-Corrosio n an d
Corrective Measures, " Metal  Progress,
Vol. 53 , No. 6, pp. 838-840 (1948),

This part of the chapter o n "The Eigh t
Forms o f Corrosion," i n th e thir d editio n
of "Th e Boo k o f Stainles s Steels " dis -
cusses stress-corrosio n manifestation ,
types o f failures , example s of stres s cor-
rosion i n variou s metal s includin g stain -
less steels , an d method s o f combattin g
corrosion particularl y b y improvin g th e
design of equipment.

(32) F . H. Keating, "Chemica l Manifestation s
of Interna l Stress," Symposium on Inter-
nal Stresse s i n Metal s an d Alloys , Inst .
of Metal s (London) , pp . 311-331 (1948).
Discussion, pp. 465, 473, 483.

The combine d effec t o f interna l stres s
and a  corrosive environment is discussed,
and significanc e o f thi s combination , re -
ferred t o a s stress-corrosio n cracking , i s
indicated. Literatur e o n stress-corrosio n
cracking o f commone r industria l alloys ,
including nicke l an d 18- 8 stainles s steel ,
is reviewed, and examples of such cracking
in industria l pkn t ar e recorded . Various
factors involve d i n stres s corrosio n ar e
considered and a  tentative expknatio n of
mechanism o f such crackin g i s proposed .
Photomicrographs an d 9 7 reference s ar e
included.

During the discussion , G . A. Dummett
cited instances of stress-corrosion crackin g
of 18- 8 in calcium chloride brine in a milk
cooler and o f a heat exchange r in a vapor
mixture o f aceti c acid , ethy l alcohol ,
acetaldehyde, and water.

(33) W . P . Rees , "Not e o n Stress-Corrosio n
Cracking o f Steel s i n th e Presenc e o f
Sulfur Compounds, " Symposiu m o n In -
ternal Stresse s i n Metal s an d Alloys ,
Inst. Metal s Monograph . Repor t Serie s
No. 5 , pp . 333-33 6 (1948) ; Discussion ,
pp. 466, 478.

Reference i s mad e t o case s o f failure s
of ferrou s material s b y stress-corrosio n
cracking, wher e the corrodin g agent wa s
probably hydrogen sulfide o r some sulfur -
containing compound . Laborator y ex -
periments ar e referre d t o whic h hav e
shown hardene d an d tempere d allo y
steels use d fo r ga s cylinde r manufacture
to be susceptible to stress-corrosion crack-
ing i n th e presenc e o f mois t hydroge n
sulfide o r carbon bisulfide . I n tests , bot h
18-8 chromium-nicke l an d 1 2 to 1 5 pe r
cent chromiu m steel s wer e cracke d i n
moist hydroge n sulfide .

(34) W . G . Renshaw, "Maintenanc e o f Stain -
less Stee l Equipmen t i n Refineries, "
Parts I and II, Petroleum  Processing, Vol.
3, No . 1 , Jan., 1948 , p . 25 ; No. 2 , Feb. ,
1948, p . 155 .

Part I I discusse s avoidanc e o f stres s
corrosion, pittin g o r localize d corrosion ,
and cleanin g an d removin g coke deposit s
from stainles s materials .
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(35) M . A . Scheil , "Stress-Corrosion Cracking
in Stainles s Alloys, " Corrosio n Hand -
book (H. H . Uhlig) , John Wile y &  Sons,
Inc., Ne w York , N . Y. , pp . 174-18 2
(1948).

Stress ca n caus e propagation o f cracks
intergranularly, transgranularly , o r i n
both manners. Theory and understanding
of stress-corrosio n crackin g do no t exist ,
comparable wit h intergranula r corrosion .
Methods o f contro l ar e onl y stress-relief
annealing an d avoidanc e o f stress . Th e
corrosive media responsible canno t yet be
denned completely. Aqueous acid chlorid e
solutions appea r t o b e th e mos t activ e
media; aci d sulfit e cookin g liquor s an d
hot causti c sod a solution s hav e bee n re -
sponsible.

(36) H ! H . Uhlig , "Th e Stres s - Corrosion
Cracking o f Iron an d Som e Ferrous Al -
loys," Metals Handbook,  Am . Soc. Metals,
Cleveland, O. , pp. 233-23 4 (especiall y p .
234) (1948) .

The transgranula r patter n o f stress -
corrosion crackin g o f austeniti c stainles s
steels i s discussed . Specifi c solution s i n
which stress-corrosio n crackin g ha s bee n
observed, especiall y ho t chlorides , ar e
listed. Resistanc e t o cracking varies with
the nickel content. Ferritic stainless steels
are less susceptible.

(37) G . Wassermann , "Th e Effec t o f Stres s
and Temperatur e i n Stress-Corrosion, "
Zeitschrift fu r Metallkunde,  Vol . 39 , pp .
66-71 (1948) .

S-N fatigu e diagram s fro m previousl y
published dat a are given for ferritic steels,
austenitic stainles s steels , bras s an d alu -
minum - copper, aluminu m - magnesium,
aluminum-zinc-magnesium, an d magne -
sium-aluminum-zinc alloys in mild and se-
vere corrosiv e medi a fo r period s u p t o
4000 hr an d temperatures up t o 250 C to
show a  linea r relationshi p betwee n tem -
perature an d duratio n of test period.

(38) C . A . Zapff e an d M . E . Haslem , "Sensi -
tivity o f Different Steel s to Pickling Brit -
tleness," Wire and Wire Products, Vol. 23,
pp. 563, 609 (1948).

Plain carbon steel , hardenabl e stainles s
steels, an d nonhardenab k stainles s (aus -
tenitic) alloy s wer e among the material s
tested. I n cathodi c pickling , anneale d
steel is the least susceptible and hardene d
steel th e mos t susceptibl e t o embrittle -
ment. Increasing carbon content increases
the susceptibilit y o f bot h hardene d an d
annealed stainless steel . Annealed 410 and
431 stainless steel s resis t embrittlement ,
even whe n cold drawn . I n aci d pickling ,
with th e exceptio n o f typ e 440-C , th e
stainless steel s are less susceptibl e t o em-
brittlement tha n the y ar e i n cathodi c
pickling. Typ e 41 0 show s non-suscepti -
bility in all conditions. Type 431 stainless
steel show s embrittlemen t onl y i n th e
hardened an d cold-draw n condition , an d
then only in dilute sulfuric acid and dilute
hydrochloric acid. In phosphori c acid and
acetic acid, both 410 and 431 are resistant.
Type 440-C stainless steel and 102 0 mild
steel retain simila r relationship s i n eithe r
acid o r cathodi c pickling . Seve n per cen t
hydrochloric acid i s slightly mor e damag-
ing t o 440- C tha n 1 0 per cen t sulfuri c
acid bu t th e effec t doe s not appea r wit h
50 per cen t hydrochlori c acid . Al l of th e

acids studied except nitric acid cause sim-
ilar injury i n equal pickling times.

(39) C . A. Zapffe an d M . E . Haslem , "Evalu-
ation o f Picklin g Inhibitor s fro m th e
Standpoint o f Hydrogen Embrittlement,"
Wire an d Wire Products,  Vol. 23, pp. 933 ,
1126, 117 2 (1948).

Martensitic stainles s steels , pickle d i n
10 per cent sulfuric acid, are severel y em -
brittled i n th e presenc e o f mos t picklin g
inhibitors despit e the effectiveness of such
inhibitors i n reducin g hydroge n evolu -
tion. Tw o inhibitor s hav e bee n speciall y
developed an d wer e said t o preven t em -
brittlement. I n cathodi c pickling , al l in -
hibitors caus e embrittlement.

1949
(40) H . F. Brown and W. M. Goryl, "Corrosio n

and Stres s Factor s i n Pipin g Expansion -
• Join t Failures, " Proceedings,  Am . Petro -

leum Inst., 14th Mid-Year Meeting, Divi -
sion of Refineries, Vol . 29M, No. Ill , pp .
175-183 (1949).

A satisfactor y materia l fo r catalytic -
cracking unit expansion-bellow s construc-
tion mus t be stainless t o resis t corrosion;
it mus t have a low susceptibility t o inter-
granular attac k an d stres s corrosion; and
it shoul d hav e a  hig h yiel d an d elasti c
limit. Typ e 34 7 was described as meeting
these qualification s mor e completely tha n
any other material considered.

(41) G . T . Colegate , "Sho t Peening, " Sheet
Metal Industries, Vol. 26, No. 262, pp. 371 -
380, 38 4 (1949).

Shot peening was shown to b e effectiv e
in preventing , o r at leas t minimizin g the
risk o f season-crackin g o f brass , an d i n
reducing th e stress-corrosio n crackin g of
stainless steel .

(42) F . L. LaQue, "Corrosion Resistin g Metals
and Alloys, " Pape r presente d befor e th e
University of Texas, Short Course in Corro-
sion Sponsore d b y Nat . Assn . Corrosio n
Engrs., Sept. 12-16 , 1949 , 16 pp.

The followin g subject s were discussed:
Corrosion-resisting metal s an d alloy s in -
cluding iron , steel , lea d an d it s alloys ,
copper and it alloys, aluminum; nickel and
high nickel alloys, such as Monel, Inconel,
Hastelloys; stainles s steels ; dezincifica -
tion; intergranular attack; stress-corrosion
cracking; corrosion-fatigue; impingement;
cavitation-erosion; an d crevice corrosion.

(43) C . A. Zapffe an d M . E. Haslem , "Hydro -
gen Embrittlemen t i n Electroplatin g of :
Copper, Cadmiu m and Zinc , Nickel , Ti n
and Lead, " Plating,  Am. Electroplaters '
Soc., Vol . 36 , pp . 906-913 , 97 2 (1949) ;
Vol. 37 , pp. 366 , 610 (1950) .

Metals plate d an d embrittle d includ e
type 440- C stainless steel . I t i s sensitive
to hydroge n embrittlement i n almos t al l
of th e bath s used fo r electroplating thes e
metals. The dilute fluoborate bath and the
conventional Watt s nicke l bat h resul t i n
the leas t embrittlement . Absorptio n o f
hydrogen b y th e cathod e i s independent
of th e tota l amount of hydrogen deposited
and, i n mos t o f th e bath s tested , i t ex -
ceeded th e absorptio n fro m hydroge n
plating alone.

1950
(44) K . Bungardt , "Developmen t an d Present

Status o f Rolle d an d Forge d Stainles s

Steel," StaM  un d Risen, Vol. 70, pp. 582 -
596 (especially pp. 585-586) (1950) .

The presen t knowledg e of stress-corro -
sion cracking of 18-8 stainless steel can be
summarized a s follows , wit h particula r
attention t o th e studie s o f H. J . Rocha :
Resistance t o stres s corrosio n increase s
with austenite stability, which is increased
by copper additions of 1 per cent or more;
with increasin g dissolve d carbo n i n
gamma-mixed crystal ; wit h reduce d cold
working; occasionall y i n alpha-gamm a
mixed crystal s b y th e ferrit e becomin g
anodic. Martensit e forme d by col d work
may likewise act as an anode. Intercrystal -
line stress corrosion is not related to inter-
crystalline corrosion . Extrem e cold-work-
ing make s ferriti c stainles s susceptible .
The rea l causes o f intracrystallin e stres s
corrosion are not well known.

(45) G . T . Colegate , "Th e Corrosio n o f th e
Austenitic Stainles s Steels, " Par t I —
Types o f Stainles s Steels , an d Form s of
Attack; Par t II—Pitting and Intergranu-
lar Corrosion; Part III—Stress Corrosion .
Ada Metallurgia,  Vol . 41 , pp . 147-150 ,
259-262, 305-308 (1950) .

Many factor s governin g th e corrosio n
of stainles s steel s are discussed , including
the effec t o f alloying elements and o f cor-
rosive media which may contact the mate-
rial i n service . Types o f corrosive attack
are reviewed and include stress corrosion.
Modified composition s an d atmospheri c
exposure are also reviewed.

(46) F . W. Davis, "Stress-Corrosion in a Stain -
less Steel Compressor," Transactions,  Am.
Soc. Metals , Vol . 42 , pp . 1233-125 0
(1950); Discussion , p . 1251 .

The failur e o f a  stainles s stee l turbo -
compressor b y stres s corrosio n o f tw o
rotors is discussed. The uni t was used t o
compress stea m whic h was subsequentl y
condensed fo r us e i n a  chemica l proces s
requiring high purity water. Both the raw
water supply and leaching s from part s of
the failed unit contained chlorides, but the
condensate containe d les s tha n one-hal f
ppm o f tota l solids . Excessiv e dynamic
stresses were imposed on all rotors by un-
balance cause d b y erosio n o f unequa l
lengths fro m th e van e tips . Tw o rotor s
failed completely by transcrystalline
cracking and on e side only of each o f th e
adjacent rotor s containe d pronounce d
stress patterns of incipient transcrystallin e
cracks. N o evidenc e o f corrosiv e attac k
could be detected on the insid e surface of
the compresso r casing excep t in th e tw o
stages wher e roto r failur e ha d occurre d
and wher e a decide d strain patter n indi -
cated the presence of a fluid at least mildly
corrosive. Data from a second compressor,
which operated unde r identical condition s
with n o evidenc e of simila r stres s corro -
sion, are included for comparison.

(47) U . R. Evans, "Corrosion Crackin g (Frac -
ture du e t o Stres s Corrosion), " Sympo -
sium o n Th e Fractur e o f Metals , Th e
Institution of Metallurgists, London (Eng-
land), pp . 68-100 (1950) .

A theoretica l exposition-par t o f a  re -
fresher lectur e course. Austenitic stainless
steel and magnesium chloride solution ar e
mentioned.

(48) J . J. Harwood, "The Influenc e of Stress on
Corrosion," Corrosion,  Nat . Assn . Cor -
rosion Engrs. , Vol . 6 , pp . 249-259 , 290 -
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307 (especiall y pp . 303 , 304 ) (1950) ;
Discussion, p . 389 (1950) Discussion , Vol .
7, p. 10 9 (1951).

The effect s o f stres s o n th e interna l
structure an d energ y characteristic s o f
metals ar e discusse d wit h relationshi p t o
their influence on corrosion reactions. Th e
nature and importance of residual stresse s
and th e non-homogeneit y o f worke d
metals are emphasized. Recent concepts of
the natur e o f grai n boundarie s ar e re -
viewed an d thei r importanc e i n reaction s
where stres s an d corrosio n ac t i n a  con -
joint manner is described. Stress corrosion
of alloy s i s discussed an d th e influenc e of
metal composition and structure, environ-
ment, state, and degree of stress and meth-
ods of prevention are presented. The oxide
film, mechanica l an d electrochemica l
theories o f stress-corrosio n crackin g ar e
reviewed an d i t i s shown that th e experi -
mental evidence favors an electrochemical
mechanism. Stres s corrosio n o f stainles s
steels is discussed.

(49) R . A . Huseby an d M . A . Scheil , "Corro -
sion an d Corrosio n Testin g i n th e Pul p
and Pape r Industry, " TAPPI,  Vol . 33,
No. 3, pp. 138-148 (1950) .

General corrosion, pitting, intergranula r
attack, stress-corrosion cracking , galvani c
corrosion, dezincification , and erosio n ar e
discussed wit h applicatio n t o stainles s
steel in the pulp and pape r industry .

(50) F . J. Lambert and C. Coughlen, "Investi-
gation o f Failur e o f Typ e 34 7 Stainles s
Steel Tan k fo r Lithium, " U.S . Atomi c
Energy Commission, Y-694, 22 pp. (1950) .

An investigatio n reveale d tha t a  stain -
less stee l tan k faile d becaus e o f interna l
stress an d carbid e precipitation. Th e pri -
mary cause o f failure wa s due t o interna l
stresses locate d at th e surfac e o f the wel d
metal-parent metal junction.

(51) F . L . LaQue , "Repor t o n Roun d Tabl e
Discussion o n Genera l Corrosio n Prob -
lems," Corrosion,  Nat . Assn . Corrosio n
Engrs., Vol. 6, No. 10 , p. 327 (1950) .

The followin g was among the question s
submitted, and answers given at a  discus-
sion session during the Sixth Annual Con-
ference, National Associatio n of Corrosion
Engineers, St . Louis , Mo. , Apri l 4  t o 7 ,
1950:

Question: "W e woul d appreciat e a  dis -
cussion of unpublished data regardin g th e
tendency o f austeniti c stainles s steel s t o
fail b y stres s corrosio n whe n i n contac t
with hot brackish water."

Answer: "On e refiner y los t a  typ e 304
stainless stee l tub e bundl e du e t o stres s
corrosion cracking after six days operatio n
handling a cooling water containing abou t
1700 pp m chlorides. The cracks were about
4 to 6 in. from th e end of each tube sheet .
It wa s fairl y wel l determine d tha t th e
stresses wer e concentrated a t thes e loca -
tions du e to bouncin g of a bundl e during
a truc k shipmen t o f 7 0 or 8 0 mile s fro m
the manufacture r to th e user . Difficultie s
are mos t likel y t o occu r wher e there is a
chance fo r surface s under stres s t o reac h
temperatures hig h enoug h t o effec t a n
appreciable concentration o f the chloride s
in th e coolin g water—a s i n th e cas e o f
cascade cooler s handling ho t gase s withi n
the tubes."

(52) H . Nathorst , "Stress-Corrosio n o f Stain -
less Steels. I. Practical Experiences. II. An

investigation o f th e Suitabilit y o f th e U -
Bend Specimen, " Jernkontorets  Annaler,
Vol. 134 , pp . 97-133 (1950) ; Welding  Re -
search Council  Bulletin,  No. 6 , Oct. 1950 ,
18pp.

I. A n inventory o f specifi c experience s
of stress-corrosio n crackin g o f 18- 8 stain -
less stee l encountere d b y member s of th e
Swedish Ironmasters ' Association . En -
vironments include d chlorid e (sodiu m
chloride, calciu m chloride , zin c chloride ,
sulfite waste liquor and wash) , steam an d
hot water, sodium hydroxide, black liquor,
diphenyl-diphenyl oxide, severe industria l
atmosphere, sodium hypochlorite, orthodi-
chlorobenzene, picklin g baths . A  number
of environments described in the literatur e
are noted.

II. A  repor t o f an investigatio n o f th e
reproducibility o f result s obtaine d wit h
strips mad e int o U-ben d specimen s an d
exposed t o calciu m chlorid e solutions .
There wa s use d a n 18. 1 chromium-8. 3
nickel stainless steel , cold rolled, annealed,
pickled an d passivated , bu t no t straight -
ened. Reproducibilit y wa s s o poo r tha t
the test was considered as qualitative only.
Calculations ar e quote d fo r stres s value s
at differen t point s of a U-ben d specimen,
taken fro m Mailander .

(53) M . T . Simnad , " A Revie w o f th e Elec -
trochemistry of Stressed Metals," Journal,
Electrochemical Soc. , Vol . 97, No. 2 , pp .
31C-44C (1950) .

A critica l surve y o f published wor k o n
the electrochemistr y o f metals covers ori-
gin and natur e of internal stresses , laten t
energy i n deforme d metals , influenc e o f
stress on electrode potential and corrosion
rate, effec t o f surface preparatio n o n cor-
rosion, stress corrosion o f non-ferrous an d
ferrous metals , corrosio n fatigue , an d in -
ternal stres s i n electrodeposite d metals .
Stainless steel s ar e considered . 12 6 refer -
ences.

(54) H . Thielsch, "Physica l Metallurgy of Aus-
tenitic Stainles s Steels, " Welding  Journal,
Am. Weldin g Soc., Vol . 2 9 (Supplement)
Vol. 15 , pp. 577s-621s (especiall y pp. 600s ,
to 603s) (1950) .

The presen t knowledg e and th e result s
of recen t researc h o n chromium-nicke l
stainless steel s an d thei r weldabilit y ar e
reviewed. Metastabl e austenite , ferrite ,
and sigm a i n chromium-nicke l stainles s
steels, carbides , corrosio n resistance ,
crack sensitivity , stress-corrosio n crack -
ing, shrinkage , distortio n an d restraint ,
grain size, the effect s o f cold deformation,
subzero an d elevate d temperature s ar e
discussed.

The susceptibilit y o f wrough t an d
welded stainles s steel s t o stress-corrosio n
cracking depends upo n (1 ) stresses i n th e
steel, (2 ) the action o f the corroding agent,
(3) plasti c deformatio n o f th e steel , (4 )
physical characteristic s o f th e allo y an d
(5) lengt h o f exposur e t o corrodin g solu-
tion. Their effect s ar e discussed , togethe r
with th e effec t o f austenite stability an d
of alloyin g elements .

Treatments t o reduce this susceptibilit y
are lowerin g th e crac k sensitivit y o f th e
stainless steel s itself , suitabl e hea t treat -
ments tha t reduc e th e residua l stresses ,
and adjustmen t o f composition , particu -
larly b y th e additio n o f molybdenum. I t
is likel y tha t man y o f th e failure s i n

wrought and particularly in welded stain-
less steels, which are now either overlooked
or ascribed to other effects, ar e caused b y
stress-corrosion cracking .

(55) W . Tofaute and H . J . Rocha , "Corrosio n
of Austenitic Steels under Tension," Insti-
tute del Hierro y  de l Acero (Spain) , Vol. 3 ,
pp. 101-11 0 (1950) .

The differenc e betwee n stress corrosion
and intergranula r corrosio n an d testin g
problems ar e discussed . Time-to-ruptur e
in relatio n t o nicke l and chromiu m con-
tents i s shown . The effect s o f ferrit e an d
martensite o n stres s corrosio n ar e de -
scribed. Stres s corrosio n ca n b e avoide d
if th e austenit e i s stable an d i s associated
with quantitie s o f ferrit e s o a s t o for m
local cells to impede corrosion.

(56) W . Tofaut e an d H . J . Rocha , "Stress -
Corrosion Crackin g i n Stainles s Steels, "
Tecnica Metalurgica  (Barcelona ) (Spain) ,
Vol. 6 , No. 56 , pp. 427-43 4 (1950) .

Various type s o f corrosio n in stainles s
steels, especiall y tha t du e to stress-corro -
sion crackin g ar e considered . Result s of
tests o f steel s containin g 1 8 t o 1 9 pe r
cent chromium and 8  to 1 2 per cent nickel
are given.

It i s suggested tha t ther e i s a connec-
tion betwee n stres s corrosio n an d th e
alpha-gamma transformatio n which takes
place o n strainin g austeniti c steels . Col d
working can either slo w or speed th e rat e
of crackin g failure.

(57) H . H . Uhlig , "Actio n o f Corrosio n an d
Stress o n 1 3 C r Stainles s Steel, " Metal
Progress, Vol. 57, p. 486-487 (1950) .

Strips o f 12. 5 chromium-0.1 nickel-0.12
copper-1.2 silico n stainles s stee l wer e
U-bent an d immerse d i n 3  pe r cen t so -
dium chloride . Rustin g an d pittin g soo n
occurred bu t crackin g occurred only afte r
4^ months . On e specimen , stresse d a s
above, was coupled to a sheet of aluminum
foil an d submerge d i n th e sal t solution .
With thi s arrangement , the stainless stee l
strip cracke d overnight , thu s suggest -
ing tha t cathodi c polarizatio n wa s th e
critical factor causing rapid failure . When
a platinum anod e was used in a salt solu-
tion cel l wit h th e stresse d specimen s a s
cathodes, th e specimen s cracked . Usin g
dilute sulfuric acid containing a  few drops
of whit e phosphoru s dissolve d i n carbo n
disulfide to accelerate hydrogen adsorption
by th e alloy , crackin g agai n occurred .
These experiment s sugges t tha t so-calle d
stress-corrosion crackin g o f thi s marten -
sitic typ e stainles s stee l ma y occur under
any condition s tha t favo r discharg e o f
hydrogen ion s o n th e surface . Specimen s
are exceedingly brittle afte r brie f cathodi c
polarization i n sodium chloride or sulfuri c
acid bu t th e usua l ductilit y i s regaine d
on standing i n air . Failur e b y cracking of
the stresse d martensiti c stainles s steel s
exposed t o a  corrosiv e environmen t ma y
probably bes t b e describe d a s hydroge n
embrittlement.

(58) J . T . Wabe r an d S . Waber, "Accelerate d
Corrosion Tes t o f Nickel-Base d Alloy s
and Steels, " U . S. Army  E C Report  LA -
1313, Lo s Alamo s Scientifi c Laboratory ,
Los Alamos, N. M. (1950) .

Tests were made to select a  material of
construction fo r ductwor k carryin g min -
eral acids in a laboratory havin g radioac -
tivity hazard s which made leakage intol -
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erable. Althoug h it s genera l corrosio n
rate wa s no t th e lowes t o f th e alloy s
tested, Incone l wa s preferre d becaus e of
its uniqu e freedo m fro m stress-corrosio n
cracking and pitting .

Stress-corrosion test s wer e ru n o n
seamless and welded stainless stee l tubing
in th e standar d magnesiu m chlorid e re -
agent. Th e sample s cracke d abundantl y
after a  fe w hundred hours . Considerabl e
protection wa s afforde d b y heat-treatin g
the tubin g at 1950 F for | hr and then
air-cooling.

Where stainles s tubin g i s use d fo r
drains, th e 195 0 F hea t treatmen t i s
recommended. It i s also desirable that the
steel be pickled before being passivated.

(59) G . H. Wray, "Stress Corrosion on Radial-
Flow Stea m Turbines," Engineering,  Vol.
169, pp. 141 , 16 9 (1950).

This wor k include s a  summar y o f a
metallurgical investigatio n o n cold-work
effects o f rolling the dovetai l blade fixture ,
during manufactur e o f blad e ring s fo r
Brush Ljunstro m doubl e rotatio n tur -
bines. A n earlie r metho d o f construction ,
now superseded, involved securing some of
the blades in such a manner as to require
cold-deformation o f the steel . Rin g dove-
tails wer e close d ont o individua l blades .
Original Ljunstro m machines wer e fitte d
with blade rings having welded-blade con-
struction throughou t th e radial-flo w sys -
tem; these gav e satisfactory performance.
Subsequently, a new type of blade ring was
introduced i n which th e ring s wer e buil t
up o f individua l blade s o f nickel-chro -
mium-molybdenum stee l (chang e necessi -
tated b y increased stresses t o which blade
roots wer e subjecte d i n larger-diamete r
blade rings for machines of higher output).
Difference betwee n welde d an d individ -
ually-bladed constructio n i s illustrated .
Rings o f welded-blad e constructio n wer e
5 pe r cen t nicke l steel . I t i s stated tha t
use of welded blading has bee n continued
in productio n o f smaller-diamete r blad e
rings. Accoun t o f examination o f section s
cut fro m damage d nickel-chromium -
molybdenum stee l blad e ring s an d o f
laboratory investigation s i s given.

(60) Conferenc e o n Stainles s Steels , Vestni k
Akademii Nauk (S.S.S.R.) , Vol . 20, Aug.
1950, pp. 66-71. (In Russian. )

A brie f revie w o f sixtee n report s pre -
sented a t th e above conference, including
stress-corrosion cracking .

1951

(61) C . L. Bulow , "Duplex Tubin g Fo r Us e
In Th e Petroleu m Industry, " Petroleum
Engineer, Vol . 23 , No . 10 , pp . C5-C 8
(1951).

Applications o f duplex tubing as a solu-
tion to dual corrosion problems. Stainless
tubes hav e faile d fro m transcrystallin e
stress-corrosion crackin g i n contac t wit h
certain coolin g waters . Wher e crackin g
has occurre d fro m th e outsid e i n atmos -
pheric cooler s coppe r alloy-cla d stainles s
tubes have been used . Stainles s steel-cla d
copper tube s are being used t o withstand
corrosion b y impingin g hig h velocit y
vapors. I n cooler s handlin g amine s an d
mixtures containin g amines , low-carbo n
steel line d wit h Admiralt y an d variou s

cupro-nickel alloy s an d aluminu m brass
have performed satisfactorily, particularly
where gulf o r bay waters are used for cool-
ing. 70/3 0 and 80/20 cupro-nickel, alumi-
num bras s an d bronze , an d Admiralt y
brass ar e usuall y combine d wit h stee l
where se a wate r i s use d fo r coolin g am-
monia. Duplex tubing is finding increasing
use i n condensers , hea t exchanger s an d
coolers fo r handlin g numerou s corrosive
gases wher e the genera l o r impingement
corrosion resistanc e o f lo w carbon, chro-
mium or stainless steel , tin, Monel, alumi-
num, nickel and lead combined with cop-
per alloy s are required . Illustrations .

(62) D  L . Horigan, "Corrosion-Resistant Met -
als fo r th e Pul p an d Pape r Industry, "
Paper Trade  Journal,  Vol. 133, No. 14 , pp.
24, 26 , 28, 30, 32, 36; No. 15 , pp. 20 , 22,
24, 26 (1951) .

Various types o f corrosion encountered
in pulp and paper mill s include oxidation,
galvanic attack,  pitting , intergranular ,
stress, crevice , erosio n an d cavitation .
Properties o f variou s corrosion-resistan t
metals suc h a s nickel , Monel , Inconel ,
stainless steels are discussed.

(63) J . H. G. Monypenny, "Stainles s Iron and
Steel," Chapma n &  Hall, Ltd. , Londo n
(England), Vol . l,pp. 80 , 351-359, Third
Edition (1951) .

Deep-drawn stainless steel bowls, dras -
tically col d worke d an d no t annealed ,
cracked i n storage or after brie f use . Th e
experiences o f Hodg e an d Mille r wit h
stress-corrosion crackin g ar e cite d an d
discussed. Thermowell s containin g we t
ethyl chlorid e suffere d rapi d failure .
Stress-corrosion crackin g ha s als o oc -
curred i n 18- 8 stainless tubes whic h have
been use d i n th e superheater s o f boiler s
producing highl y superheated steam . Th e
tubes reache d a  temperatur e o f 105 0 t o
HOOF. Failure s wer e locate d clos e t o
welds with nonaustenitic steel tubes (such
as 5  chromium-0. 5 molybdenu m steel) ,
and wer e intergranular. Experienc e wit h
18-8 superheate r tube s in Britain (Davy ,
C. H. , privat e communication ) include d
failures some of which were intergranula r
and som e transgranular . Th e forme r ar e
believed t o hav e occurre d mechanicall y
during welding and the latter during expo-
sure to steam.

(64) H . W . Schmidt , P . J . Gegner , G. Heine-
mann, C . F. Pogacar , and E . H. Wyche ,
"Stress-Corrosion Crackin g i n Alkalin e
Solutions," Corrosion,  Nat . Assn . Cor -
rosion Engrs., Vol. 7, No. 9, p. 295t (1951) .

A discussion i s presented o f the result s
of a n industr y surve y o n th e failur e o f
materials i n alkalin e solutions . Mos t o f
the dat a hav e to do with sodium hydrox-
ide. Th e relationshi p of temperature and
concentration t o the cause of failure is ex-
pressed only in an approximate manner.
Corrective measure s tha t hav e bee n em-
ployed t o eliminat e failur e are discussed.
Data on types 304, 316, 317 and 347 stain-
less steel are included .

(65) H . Thielsch , "Physica l an d Weldin g
Metallurgy of Chromium Stainless Steels,"
Welding Journal,  Am. Welding Soc. , Vol.
30 (Supplement) , Vol. ' 16, pp. 209s-250 s
(especially pp . 225s to 227s) (1951) .

The martensiti c an d ferriti c stainles s
steels are considerabl y les s susceptibl e t o
stress corrosion tha n the austeniti c chro -

mium-nickel stainles s steels . Stea m ha s
been foun d t o b e responsibl e fo r stress -
corrosion crackin g o f martensiti c stain -
less steels . Stres s corrosio n ma y occu r
under an y conditio n tha t favor s th e dis -
charge of hydrogen ions on the surface .

(66) J . E . Truman, "Tensile Failur e of Carbon
and Stainles s Stee l Wire s in the Presenc e
of Water and Hydrogen Sulphide," Metal-
lurgia, Vol. 43, No. 255, pp. 8-1 0 (1951) ;
Discussion, p. 248.

Premature failur e of both ordinary an d
corrosion-resisting steel s i n condition s of
service involving the presence of hydrogen
sulfide was investigated, and test s carried
out o n a number of steels. Types of wires
used wer e carbo n steel , 1 3 chromiu m
steel, 18 chromium-8 nickel steel, 1 8 chro-
mium-8 nickel- 1 titanium , an d 1 8 chro-
mium-8 nickel- 2 molybdenum . I t wa s
shown tha t th e combinatio n of tap wate r
and hydrogen sulfide at room temperatur e
produced a  considerabl e reduction in th e
life o f steel specimens stresse d t o 4 0 pe r
cent o f their maximu m stress , althoug h a
chromium - nickel - molybdenum stainles s
steel showed no visible attack up to 10,80 0
hr. The investigation i s described an d ta -
bles are given.

(67) H . H . Uhlig , an d J . R . Cobb , Jr. , "Ti -
tanium Resist s Stres s Corrosion, " Metal
Progress, Vol. 59, No. 6 , p. 81 6 (1951).

Tests wer e mad e t o determin e i f ti -
tanium i s susceptibl e t o stress-corrosio n
cracking i n boilin g saturate d magnesium
chloride and 10 per cent sodium hydroxide.
Procedure is outlined. In th e sodiu m hy-
droxide tests , th e containe r wa s fabri -
cated fro m nicke l sheet. Two specimens of
18-8 typ e 304 were set u p identically for
comparison. In magnesium chloride, within
4 h r th e 18- 8 specimen s cracke d a t th e
region of maximum bending. The titanium
specimens were still not cracked when the
test wa s discontinue d afte r 6 2 days an d
visible corrosion was slight. In 1 0 per cen t
sodium hydroxide, at th e en d of 28 days,
neither the titanium nor 18-8 cracked. The
titanium wa s corrode d slightly , weigh t
loss being computed a t 1. 5 mg per sq dm
per day and th e surfac e wa s slightly tar -
nished. Th e 18- 8 turne d blac k an d cor -
roded o n th e orde r o f 1 5 mg pe r s q d m
per day .

(68) C . A. Zapffe and M. E. Haslem, "Surface-
Active Agent s and Pickling Equipment, "
Wire and Wire Products,  Vol. 26, pp. 127 -
133 (1951).

Type 440- C stainles s stee l i s pron e t o
hydrogen embrittlemen t whe n pickled i n
uninhibited acid . The additio n o f anionic,
cationic, or nonionic surface-active agent s
to th e picklin g bat h ha d n o effec t i n re -
ducing the embrittlement. Th e addition of
the surface-active agent s to a pickling in-
hibitor know n t o aggravat e embrittle -
ment agai n ha d n o effect . Whe n the sur -
face-active agent s were added t o the sol e
pickling inhibitor know n to minimize em-
brittlement, there was slight, but erractic,
improvement. Th e additio n o f a foamin g
compound to an unhibited bath was found
to aggravate embrittlement .

(69) C . A . Zapff e an d F . E . Landgraf , "Em -
brittling Effec t o f Stea m o n Stainles s a t
Elevated Temperatures, " Steel,  Vol . 128 ,
No. 18 , April 30,1951, pp. 54, 81.
C. A. Zapffe an d R. L. Phebus, "Embrit-
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tlement o f Stainles s Stee l b y Stea m i n
Heat Treatin g Atmospheres, " Transac-
tions, Am . Soc . fo r Metals , Vol . 48 , pp .
811-822 (1951) .

Tests showing th e embrittlin g effec t of
steam o n stainles s steel s AIS I 410 , 41 4
(containing 1.6 8 per cent nickel) , 430 and
440-C are described. A s a result o f the ob-
servations made, it can be concluded that:
steam is a powerfu l hydrogenizer o f steel
when contactin g th e meta l a t elevate d
temperatures; bendabilit y values , ob -
tained b y a specially devise d test , express
the damag e caused by the hydrogen with
good sensitivity ; al l o f clas s I  stainles s
steels and certain o f class II steel s such as
type 430 are susceptible t o embrittlement
by th e steam-meta l reaction ; typ e 410 or
403, designe d fo r stea m turbin e service ,
will bend 18 0 deg when quenched fro m a
dry furnac e atmospher e bu t wil l fracture
at angle s a s lo w a s 1 5 and 2 0 deg i f ex -
posed t o steam durin g its hardenin g hea t
treatment. This powerful effec t o f steam is
recognizable eve n within an exposure tim e
of 1  min. Graphs show bendability and re-
covery o f several of the steels .

1952

(70) C . N. Bowers, W. J. McGuire , and A. E.
Wiehe, "Stres s Corrosio n Crackin g o f
Steel Unde r Sulfid e Conditions, " Corro-
sion, Vol. 8, pp. 333-341 (1952).

Rapid failure s of tubing in a  sou r con-
densate wel l lead t o a n extensiv e labora -
tory an d field investigation t o determin e
the caus e an d remed y for thes e failures .
Apparently, failure s occu r becaus e o f
stress-corrosion cracking . Embrittlemen t
resulting from exposure to moist hydrogen
sulfide i s not considere d a  primar y caus e
of failures, but i t may have been an impor-
tant contributing factor . The exact mecha-
nism of failure has no t ye t bee n definitely
established. Th e failur e proces s ca n b e
prevented or appreciably retarded by suit-
able heat-treatmen t and/o r chang e h i
steel composition. Susceptibility to failure
of mos t steel s i s increased b y plasti c de -
formation. In mos t instances failure s were
more rapid i n field tests, which indicate d
that the field operating conditions involv-
ing pressure , flow , an d formatio n wate r
were more severe than the laboratory tes t
conditions selected . I n bot h test s ther e
was little if any advantage fo r alloy steel s
over plain carbo n steels. I t wa s apparent,
however, tha t for most steels , limitations
on th e maximu m permissible mechanica l
properties are just as important and neces-
sary as minimum limits. It i s definite that
stainless type 410 is a susceptible steel .

(71) J . P. Eraser and R. S. Treseder, "Cracking
of High-Strengt h Steel s i n Hydroge n
Sulfide Solutions, " Corrosion,  Nat . Assn .
Corrosion Engrs. , Vol . 8 , pp . 342-35 0
(1952) Discussion , p . 357 .

Laboratory data are presented relatin g
to the spontaneous cracking and embrittle-
ment o f steel alloy s under environmenta l
and stress conditions pertinent t o sour gas
condensate wells . It ha s been shown that
cracking can occur in simple aqueous hy -
drogen sulfid e solution s an d i s a n effec t
related t o stress-corrosio n cracking . A
mechanism involvin g stress-corrosio n

cracking an d hydroge n embrittlemen t i s
proposed t o explai n th e crackin g phe -
nomenon. Importan t factor s studie d in -
cluded composition and heat-treatmen t of
alloy, typ e and magnitud e o f stress, com-
position o f corrosiv e solutio n (fo r exam-
ple, acidity , sal t content) , compositio n
and pressur e o f ga s environment , tem -
perature an d tim e o f exposure . Of these ,
the firs t three were found to be the mos t
important. Remedia l measure s discussed
include use of resistant alloys , heat-treat -
ment o f susceptibl e alloys , organi c an d
metallic coatings and inhibition . A  simple
laboratory procedure is presented fo r mak-
ing a preliminary evaluation of the crack-
ing susceptibility o f a given alloy. Crack-
ing tendencie s i n severa l solution s
containing hydroge n sulfid e wer e deter -
mined for 12 per cent chromium steel both
wrought and cast , fo r types 302, 316, 410,
430, an d 17- 4 PH an d 17- 7 PH stainles s
steel.

(72) E . Herzog , "Crackin g o f Ferrou s Mate -
rials a s a  Resul t o f Combine d Corrosio n
and Mechanica l Stresses, " Metaux,  Vol.
27, pp . 329-35 7 (1952) .

Rupture o f materials through th e com-
bined effect s o f corrosion and mechanica l
stress (static) , o r throug h combine d ef -
fects o f corrosio n an d dynami c stres s i s
discussed. Examinatio n wa s mad e o f ef -
fects produce d b y corrosio n alone , b y
stress alone, an d b y th e combine d effect s
of stres s an d corrosion . Th e natur e an d
mechanism of the variou s forms of attack,
and intercrystalline failur e throug h corro-
sion-fatigue, ar e discussed. Testing meth-
ods and equipment are surveyed and eval-
uated. Section s includ e effect s o f hea t
treatment, coolin g rat e abov e and belo w
transformation point , hot-rolling , an d
decarburization. Origina l work by Herzog
and other s include s referenc e t o nickel -
chromium-molybdenum steel s whic h
showed transcrystallin e crackin g in dilut e
hydrocyanic aci d an d t o effect s o f hea t
treatment o n corrosion-resistanc e o f steel
containing 0.2 5 carbon-1 7 chromium-1. 5
nickel. A n extensive sectio n o n stress-cor -
rosion cracking of austenitic steels is given.
Effects o f plasti c deformatio n on th e be -
havior o f 18- 8 steel , note s o n result s o f
variation in carbon, chromium, and nickel
contents of austenitic steels, data on sus -
ceptibility t o crackin g an d corrosion -
cracking i n typ e 18- 8 a s a  functio n o f
nickel content , degre e o f cold-wor k an d
heat treatmen t an d experiment s o n cor -
rosion-fatigue o f carbon an d nicke l steel s
(apparently i n aqueous and salin e media)
are described.

(73) M . E . Holmberg , "Corrosio n Problems, "
Corrosion, Nat . Assn . Corrosio n Engrs. ,
Vol. 8, No. 3 (1952); Discussion , p . 10.

In thi s sectio n th e followin g questio n
was raise d an d answere d (abstracted ) a s
follows:

No. 49: Can anyone cite cases of stress-
corrosion crackin g o f stainless stee l use d
for hea t exchange r servic e wherei n ho t
brackish wate r i s know n t o b e th e me -
dium causing the cracking?

Many o f th e refinerie s an d chemica l
companies alon g th e Gul f Coas t repor t
experiences with stress-corrosion cracking
in hea t exchange r tube s wherei n ho t
brackish wate r wa s th e caus e o f stress -

corrosion cracking. Even where the water
has bee n treate d t o reduc e th e chlorin e
content, crackin g ha s continue d t o b e a
problem.

(74) B . Karnisky , E . Kinelski , an d E . Gruca ,
"Corrosion o f Structura l Spo t Welds, "
Welding Journal,  Vol. 31, No. 10 , pp. 903 -
916 (1952).

A procedur e wa s evolve d i n whic h
various type s o f spot-welde d specimens ,
18-8 and a  low alloy steel , eithe r stresse d
or unstressed, were subjected to industrial
atmospheric exposure. Results o f the tes t
indicate tha t spo t welds may start t o fai l
by corrosio n crackin g i n a s littl e a s one
year's tim e unless proper weld sealer s are
used in the joint.

(75) R . F. Koenig and S. R. Vandenberg, "Liq-
uid Sodium- A Noncorrosiv e Coolant, "
Metal Progress,  Vol. 61, No. 3 , pp. 71-7 5
(1952).

The five known types o f attack i n liq -
uid metals with illustrations of iron, stain-
less stee l an d nicke l are given . Solubility
studies usin g sodium for corrosion testin g
were conducted . The stati c corrosio n tes t
which use s a  stainles s stee l vesse l i s dis -
cussed. Stainless stee l types 302, 304, 316,
321, 34 7 did no t chang e i n weight , were
unattacked visuall y an d metallographi -
cally after a  year in pure sodium at 50 0 C.
Type 34 7 stainless stee l was not attacke d
by clea n sodium at 93 2 F. Fou r type s of
dynamic tests , i n operatin g hea t transfe r
systems, ar e discussed . Stainles s stee l
types 30 4 ELC, 304 , 310 , 316 , an d 347 ;
nickel; 80 nickel-14 chromium-6 iron; and
67 nickel-3 0 coppe r wer e tested wit h n o
indication of susceptibility t o stress corro-
sion in sodium at 93 2 F. No shortening of
the fatigu e lif e o f typ e 34 7 stainless wa s
observed i n an y o f th e test s i n sodium .
The stress-ruptur e tes t i n sodiu m indi -
cated tha t immersion of types 304 and 307
stainless steels in sodium has no effec t o n
their stress-ruptur e life . A  tensile test on
wires befor e an d afte r a  standar d stati c
corrosion test showe d that type 347 stain-
less, 1 5 mils i n diameter , wa s a s stron g
both a t roo m temperatur e an d 100 0 F
after immersion for 5 months in sodium at
932 F  a s i t wa s afte r bein g similarl y
heated i n a  sealed ca n filled with helium.
Advantages in a heat transfe r syste m are
discussed. Illustrations.

(76) C . J. Lancaster , "Repor t on Performance
of Material s Teste d i n Wate r a t Hig h
Temperature," U.S.  Naval  EE S Report,
No. 4A(16)966870 , March 7 , 1952, 10 pp.
(Issued as PB 111,962) .

Results o f tw o consecutiv e 30-day dy -
namic corrosio n test s ar e reporte d fo r
twelve materials , includin g stainless stee l
types 304, 310, 316, 347, Armco 17-14 PH,
17-7 PH , an d 17- 4 PH. Th e samples were
subjected t o a  static bending stress while
being rotate d a t a  periphera l velocit y of
11 ft per sec in oxygenated water at 500 F.
The appearance s an d weigh t losse s were
determined afte r eac h 30-da y run . Corro -
sion rates fo r specimens are given.

(77) H . L . Logan , "Film-Ruptur e Mechanis m
of Stress-Corrosion, " Journal  of Research,
Nat. Burea u Standards , Vol . 48 , Feb .
1952, pp. 99-105 (RP 2291) .

Atmospherically formed protective films
were remove d b y abrasio n i n a n argo n
atmosphere from surface s of an aluminum

76
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alloy, two brasses, a magnesium alloy, low-
carbon steel , an d type 302 stainless steel.
The resultin g surface s wer e 0.12 t o 0.7 6
volt more negative with respect to a calo-
mel electrode than surface s prepare d an d
mesured under normal atmospheric condi-
tions. Appreciabl e change s i n electro -
chemical solutio n potential s o f notche d
specimens, stresse d i n tension , occurre d
at or just above stresses at which the true
stress-true strai n curve s deviate d fro m
the modulus lines. These changes in poten-
tial were caused by rupturing o f the pro -
tective films a t th e root s o f th e notche s
and were of the order_oH).16 to 0.70 vol t
at failure , dependin g o n th e material .
Stress corrosion is postulated t o occu r i n
corrosive media , a t stresse s sufficien t t o
rupture the protective film, by electrolytic
action between the filmed (cathodic) an d
film-free (anodic) areas .

The proces s proceed s continuousl y o r
discontinuously t o failure , dependin g o n
whether or not the subsequent adjustment
to stresses permits reforming of the protec-
tive film.

(78) F . A . Prange, "Hydroge n Embrittlemen t
Tests on Various Steels," Corrosion,  Nat .
Assn. Corrosio n Engrs. , Vol . 8 , p . 355 t
(1952).

Cathodic embrittlemen t test s wer e
made on a number of alloys having good
properties fo r use in deep corrosive wells.
The tests suggest that the maximum hard-
ness fo r us e i n embrittlin g environment s
should be Rockwell C 20. 12 per cent chro-
mium steel was included.

(79) R . S . Treseder , "Fiel d Experienc e wit h
Cracking of High Strengt h Steel s i n Sour
Gas an d Oi l Wells, " Corrosion,  Nat .
Assn. Corrosio n Engrs., Vol . 8 , pp. 351 -
354 (1952).

This i s a repor t b y Committe e TP-1G
on the accumulated field experience of sev-
eral companies with corrosion cracking of
oil well tubular goods and wellhead fittings
in sou r ga s an d oi l wells . Thi s crackin g
effect ha s been associated principally with
use of high-strength steels in sour gas-con-
densate wells. Although relatively few fail-
ures have been experienced , the problem
is a seriou s one in vie w o f the hig h pres -
sures involved and the rapid, unpredicta -
ble natur e o f th e corrosiv e attack . De -
scriptions o f faile d tubing , casing , an d
wellhead fitting s ar e give n together with
data obtaine d fro m stresse d specimen s of
various alloys placed i n flowlines of wells
in severa l fields . Thes e dat a sho w tha t
sulfide corrosio n crackin g i s associate d
with alloys of high strength, tha t is , high
hardness, an d tha t th e effect s ma y var y
among individual well s owing to differin g
producing condition s an d flui d composi -
tions. Possibl e remedia l measures are dis -
cussed. Wit h smal l equipmen t ite m th e
problem o f sulfid e corrosio n cracking ha s
been met by replacing with type 316 stain-
less or K-Monel.

(80) L . W. Vollmer, "Hydrogen Sulphid e Cor-
rosion Cracking of Steel," Corrosion, Nat .
Assn. Corrosio n Engrs. , Vol . 8 , No . 10 ,
pp. 326-33 2 (1952) .

Sudden blow-out of tubing after only 6
days o f production test s o f th e 12,000-f t
Walter Mar r Wel l No. 1 , Pincher Cree k
Field, Canad a cause d a n investigatio n o f
causes for failure. Examination o f the re -

moved 9  pe r cen t nicke l stee l tubin g
showed n o obviou s defect s an d calcula -
tions showed failures not du e to excessive
triaxial loading . Investigators , afte r dis -
carding embrittlemen t a s a  cause , ini -
tiated test s t o determin e i f stress-corro -
sion cracking was the cause , becaus e well
fluids and gase s included 1 0 per cen t hy -
drogen sulfid e an d 6. 3 pe r cen t carbo n
dioxide b y volume . Specimen s o f 9  pe r
cent nicke l stee l tubin g wer e submerged
in ta p wate r containin g hydroge n sul -
fide and carbo n dioxide in a  cel l at 500 0
psi an d 19 0 F. Al l specimens failed i n 6
days. Numerous other test s of the tubin g
and other steel s a t varyin g loadings were
conducted, including prestresse d an d re -
heat treated but not prestresse d samples .
Under laborator y tes t condition s failur e
was induced in a  5  per cen t nickel- 1 per
cent chromiu m steel an d type s 32 2 an d
410 stainles s steels . I t i s definit e tha t
type 41 0 stainless stee l i s a  susceptibl e
steel. Thes e tests developed the followin g
tentative conclusions : (1 ) Tubing failures
at th e Marr wel l resulted fro m stress-cor-
rosion cracking. (2 ) Susceptibilit y to fail -
ure i n hydroge n sulfid e environment s i s
not limited to 9 per cent nickel steel. Steels
treated t o produc e Rockwel l hardness C
24 to 26 may be rendered susceptible . (3 )
Plastic deformation greatl y increases sus-
ceptibility t o failure , bu t i s not essentia l
if protectiv e corrosion product s film s ar e
removed. (4 ) Embrittlement i s not a  pri-
mary cause of failure but ma y be contrib-
utory. (5 ) Susceptibilit y ma y b e reduced
by composition changes.

1953

(81) H . R . Copson , "The Influenc e o f Corro-
sion on the Crackin g of Pressure Vessels, "
Corrosion, Nat . Assn . Corrosio n Engrs. ,
Vol. 10, pp. 124-139 (1954); Welding Jour-
nal, Vol . 3 2 Supplement , Vol . 18 , pp .
75s-91s (1953) .

Serious damag e occurrin g when stres s
and corrosion combine may take the for m
of stress-corrosio n cracking . Suc h effect s
of corrosio n o n pressur e vessel s ma y b e
minimized b y design , by reductio n of in -
ternal o r applie d stresses , an d b y th e
choice o f material s suitabl y resistan t t o
their expecte d service environment . Con-
trol o f the environmen t itself, b y dilution
or lowering its temperature , i s sometimes
practical. Inhibitors are effective in certain
instances. Paint , or other protective coat -
ings, and cathodic protection is sometimes
employed. Stress-corrosio n crackin g o f
iron, stainles s steel , copper , aluminum ,
magnesium an d nicke l alloy s i s dis -
cussed. Corrosio n fatigue dat a ar e given
for nickel-steel , Monel, nickel, cupro-nickel
and stainless steel .

(82) H . R . Copson , "The Rol e of Corrosion in
the Crackin g of Metals," Corrosion,  Nat .
Assn. Corrosion Engrs., Vol. 9, No. 12, pp.
4-5 (1953) .

A revie w o f presen t knowledg e of th e
cracking o f metals . Unde r certain condi -
tions, corrosion and stress may cause rapid
localized failur e i n th e for m o f cracking .
Caustic embrittlement of boiler steel , sea -
son cracking of brass in moist ammoniacal
atmosphere, failur e o f nicke l alloy s i n

fluosilicic acid, and th e crackin g of stain-
less steel s i n ho t aci d chlorides , ar e dis -
cussed.

(83) A . E . Durkin , "Corrosio n Crackin g o f
Martensitic Stainles s Steel, " Metal  Prog-
ress, Vol. 64, No. 1 , pp. 72-7 5 (1953) .

Cracking of 12 per cent chromium stain-
less steel is apparently the result of hydro-
gen embrittlement and not o f stress corro-
sion a s such . Th e embrittlemen t i s th e
result of hydrogen released during surface
corrosion diffusin g int o deforme d meta l
structures. I f th e crackin g failure s wer e
the resul t of stress, ductility coul d not b e
recovered b y th e mil d an d simpl e treat -
ment o f immersio n i n ho t water . Th e
ductility o f embrittle d stee l ca n b e re -
stored b y heatin g a t temperature s fro m
212 F (boilin g water ) u p t o 50 0 F. Thi s
treatment wil l prevent crackin g bu t wil l
not eliminat e susceptibility of the stee l to
future embrittlement .

(84) C . Edeleanu, "Transgranula r Stres s Cor -
rosion i n Chromium-Nicke l Stainles s
Steels," Journal, Iron and Steel Inst., Vol.
173, pp. 140-14 6 (1953).

Tests, mad e o n standar d grade s o f
austenitic stainles s steels i n a magnesium
chloride solution , ar e described . Thos e
grades i n whic h th e austenit e doe s no t
readily transfor m on straining wer e found
to be less susceptible t o cracking. Experi -
mental steels confirme d tha t suc h failur e
can be largely avoided by either increasin g
the alloy content of the normal 18-8 steels
to mak e the austenite mor e stable, or by
decreasing the alloy content t o produce a
partly martensiti c stee l in which the cor -
rosion will be less localized an d less likely
to caus e cracking . Transgranula r stres s
corrosion wa s obtained i n man y chloride
solutions, includin g som e that wer e rela -
tively dilute , an d ther e i s evidenc e tha t
oxidizing agent s ca n accelerat e cracking .
Metallographic evidenc e indicates tha t a
martensitic phase is produced on straining
austenitic steel s tha t i s corrode d prefer -
entially. The analysis of the steel s used in
the tests and the test result s obtained are
tabulated.

(85) R . B . Johnson , Jr. , "Je t Engin e Metal -
lurgy," Journal,  Soc. Automotive Engrs.,
Vol. 61, No. 12 , pp. 28-29 (1953) .

To stud y th e effec t o f residual stresses
in ga s turbin e compresso r blades , strip s
of 1 2 pe r cen t chromiu m stainles s stee l
were ben t t o variou s degrees , then sub -
jected t o a  corrodin g medium which was
1 t o 1  hydrochloric acid an d 1  per cent
selenium dioxide . The experimenter s con-
cluded tha t stres s leve l has t o b e greater
than 50,00 0 ps i t o produc e cracking .
Above thi s stres s level , th e highe r th e
stress, th e shorte r th e tim e fo r failure .
Other test s showe d tha t blad e hardness
influences susceptibilit y t o stres s corro -
sion. To insure against a  dangerou s level
of residua l stres s in compresso r blades, a
stress annea l wa s introduce d whic h re -
duced th e leve l of stress to a  point where
the accelerate d stress-corrosio n tes t di d
not produce cracks and eliminated service
failures of a stress-corrosion nature.

(86) R . F . Koenig , "Ne w Test s Prov e Mate -
rials for Nuclear Power Plants," Iron Age,
Vol. 172, No. 8, pp. 129-133 (1953) .

Results o f static corrosion tests of most
common material s includin g iron , steel ,
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stainless steels , cas t iron , copper-bas e
alloys, nickel and nickel alloys, and others,
in a  numbe r of liquid metals , suc h as so-
dium, sodium-potassiu m (NaK) , lithium ,
magnesium an d other s ar e listed. Afte r a
material show s good resistanc e t o attac k
in static tests, dynamic tests and the effec t
of stress are investigated. If the stress-rup-
ture lif e in sodium is equal t o tha t in air ,
and ther e i s no metalh^graphi c indication
of. intergranular attack , th e materia l i s
considered full y resistan t t o stres s corro -
sion.

1954
(87) W . L. Badger , "Stress Corrosion of 12 per

cent Chromiu m Stainles s Steel, " Trans-
actions, Soc . Automotive Engrs., Vol . 62 ,
pp. 307-310 (1954) .

An investigatio n o f stress-corrosio n
cracking, a combination of stress an d cor -
rosive action , i n compresso r roto r blade s
of typ e 40 3 stainless stee l i s reported . A
laboratory metho d devise d fo r producin g
similar failures  use s a  corrodin g solutio n
of 1: 1 hydrochlori c aci d an d 1  per cen t
selenium dioxide . Resultan t dat a showe d
that a  minimu m tensil e stres s o f abou t
50,000 ps i i s required t o caus e cracking .
These data fel l in a pattern similar t o fa-
tigue or endurance curves. Stress relievin g
the compressor bkdes at 950 F eliminated
stress-corrosion cracking . Simila r testin g
of 1 2 pe r cen t chromium-molybdenum -
vanadium, 1 2 pe r cen t chromium-tung -
sten-nickel, an d 1 2 pe r cen t chromium -
molybdenum - tungsten - vanadium alloy s
indicated tha t thes e alloy s ar e mor e re -
sistant t o stress-corrosio n crackin g tha n
type 403 stainless steel .

(88) A . E. Durkin, "How t o Control Hydrogen
Embrittlement i n 1 2 pe r cen t Chrom e
Steels," Iron  Age,  Vol . 174 , No . 24 , pp .
154-156 (1954).

Problems investigate d include d (1 ) th e
effect o f variou s medi a i n producin g hy -
drogen embrittlement, (2 ) the effec t o f dif-
ferent factor y heat treatment s o n the sus-
ceptibility o f 1 2 per cen t chromiu m steel
(with 0.5 per cent nickel) to hydrogen, (3)
the effec t o f hydroge n o n th e tensil e
strength, elongation , an d enduranc e limit
of th e steel , and (4 ) the effec t o f acid an d
caustic solutions o n specific hardness .

Results of tests indicated that the higher
the hardness , th e mor e susceptible a  ma-
terial becomes to hydrogen embrittlement .
Materials tempered in the 1000 F tempera-
ture range show less susceptibility t o hy -
drogen embrittlement than those tempered
in a  lowe r temperatur e range . Organi c
coatings ar e use d t o preven t hydroge n
embrittlement b y preventin g corrosio n
which result s i n th e formatio n of hydro-
gen on the surface of the metal, and subse -
quently diffuse s int o th e surfac e o f th e
metal. Aci d solution s ar e mor e sever e
than causti c solution s an d attac k th e
metal, causing stress-raisers .

(89) M . G . Fontana , "Corrosion, " Industrial
and Engineering Chemistry,  Vol. 46, No. 3 ,
March 1954 , pp. 99A-100A , 102A .

Metals o r alloy s (includin g coppe r al -
loys, Inconel , Monel , nickel, steels, stain -
less steels , an d titanium ) an d environ -
ments in which stress corrosio n may occur

are listed . A  number of theories propose d
concerning th e mechanism s o f stres s
corrosion ar e discussed . A  film titled " A
Study o f Stres s Corrosion " i s availabl e
from th e author's laboratory .

(90) C . Harris , "Corrosio n Contro l i n Coi l
Spring Manufacture, " Corrosion  Technol-
ogy, Vol . 1 , pp. 376-379 (1954) .

The proble m of corrosion and it s influ -
ence on spring performanc e are discussed .
Stress corrosion , problem s o f industria l
atmospheres, an d protectiv e coating s (in -
cluding oil , pain t an d electrodeposition )
are covered . Coi l spring s o f steel , stain -
less stee l an d nickel , Monel , Incone l an d
Nimonic alloy s ar e considered . Thre e
metals, namel y nickel, cadmium and zin c
are used in electrodeposition on springs.

(91) T . P . Hoar and J. G . Hines, "Th e Corro -
sion Potentia l o f Stainles s Steel s Durin g
Stress Corrosion," Journal,  Iron and Steel
Inst, Vol. 177, Part 2, p. 248 (1954).

The electrode potentials of several stain-
less steel s unde r stress-corrosio n condi -
tions wer e measured . Wir e specimen s i n
longitudinal tension were exposed to boil -
ing aqueous magnesium chloride solution.
Typical potential-tim e curve s fo r a n 1 8
chromium-10 nickel-3 molybdenum-1 tita-
nium steel are shown. An unstressed speci-
men gave results generally similar to those
given b y ti n an d iro n i n dilut e sal t solu -
tions; curve s ar e explaine d b y simila r
stages i n th e developmen t o f corrosion .
Results show tha t th e majo r par t o f th e
life o f a  moderatel y stresse d specime n
under th e present , an d probabl y other ,
conditions of stress corrosion i s the devel -
opment o f breakdow n condition s i n th e
surface film. In more highly stressed speci-
mens, potentia l measurement s show that
the increase d stres s reduce s th e tim e
needed for the developmen t of film-break -
down condition s bu t ha s littl e o r n o in -
fluence on the rate of the crackin g process
once it ha s started. O n specimens exposed
to low applied stress , th e cracking process
does not begin until a long time after film-
breakdown condition s hav e bee n estab -
lished.

(92) R . A. Lincoln, "Stress Corrosion in Stain -
less Steel, " Yearbook,  Am . Iron an d Stee l
Inst., pp . 172-18 0 (1954) ; Discussio n p .
180.

In stainles s steel, th e term stress corro-
sion is often use d in a restricted sens e and
refers to localized transcrystalline crackin g
found to occur in corrosive conditions that
produce relativel y mil d genera l corrosio n
or n o corrosio n a t al l i n th e absenc e of
stress. In contras t t o the erratic behavio r
of th e hardenabl e straigh t chromiu m
steels, th e nonhardening materia l such a s
type 430 , show s relativ e immunit y t o
stress corrosion . Unpublishe d result s o f
tests indicat e th e possibilit y tha t stress -
corrosion crackin g i n 18- 8 typ e ma y b e
fundamentally electrochemica l in nature.

(93) T . P . May , "Som e Aspect s of Stress-Cor-
rosion Cracking, " Yearbook,  Am. Iron and
Steel Inst., pp. 206-213 (1954); Discussion,
p. 213 .

Stress corrosion an d crackin g ar e de -
fined an d example s cite d o f bot h non -
ferrous an d ferrou s metals i n specifi c en -
vironments. Austeniti c chromiu m nicke l
stainless stee l ma y crac k intergranularl y

if it has been through heat treatments tha t
render i t susceptibl e t o intergranular cor -
rosion, o r crac k transgranula r i f i n th e
fully anneale d condition . Bot h type s o f
cracks may develop separately in the same
material. Chromiu m steels crac k a s tur -
bine blade s an d i n sodiu m chloride . Th e
most acceptabl e generalize d theor y t o
cover al l type s i s tha t o f Mears , Brown,
and Dix . The y extende d th e lif e o f 18- 8
stainless stee l in sodium chloride-hydrogen
peroxide solution s b y galvani c couplin g
with mor e activ e metal s suc h a s zinc ,
aluminum, and copper . Martensiti c chro -
mium steels appear to crack with embrit -
tled by discharged hydrogen.

Considerations o f possibl e mechanism s
of stress-corrosio n cracking sugges t a  rol e
played b y hydroge n i n additio n t o th e
electrochemical actio n tha t probabl y oc -
curs i n al l case s o f tru e stress-corrosio n
cracking. The possibilities in the hydrogen
diffusion see m t o justif y furthe r researc h
on hydroge n absorptio n an d diffusio n b y
steels wit h th e structure s o f interest here .

The locatio n o f cathodes i n th e stress -
corrosion crackin g o f magnesiu m alloy s
suggests tha t simila r possibilitie s b e ex-
plored in the cas e of ferrous alloys .

The predominan t rol e o f chloride s i n
the environments that may lead to stress -
corrosion cracking would dictate intensive
fundamental studie s o n th e peculia r rol e
of th e chlorid e ion. A similarly importan t
position i s held b y this same ion in prob -
lems o f pittin g an d crevice-corrosio n o f
the stainless steels . This additional feature ,
coupled wit h th e economi c importanc e o f
applications involvin g contac t wit h chlo -
ride solutions, render s a study of chloride
ion an d it s relatio n t o th e corrosio n of
stainless steel s a triply important matter .

(94) J . P . Moore , "Maintainin g th e Corrosion
Resistance o f Welde d Stainles s Steel, "
Corrosion Technology,  Vol . 1 , No. 4 , p . 92
(1954).

After-weld corrosio n o f stainles s steel s
is associate d mainl y wit h metallurgica l
changes in the materia l brought about by
the proces s o f welding. This is illustrate d
in the case of the austenitic steels by inter-
granular disintegratio n o r "wel d decay "
and th e "knif e line " attack. Th e proces s
of weldin g brings about phas e formation,
and a  lowering of the corrosio n resistanc e
locally withi n th e material . Th e proces s
itself wit h it s hig h hea t input , associate d
with th e unusua l propertie s o f the steel ,
results i n th e formatio n o f hig h loca l
stresses which , if not relieved , may lead t o
stress corrosio n in service.

(95) A . H . Roebuck , "Wate r Corrosio n o f
Structural Materials, " Proceedings,  Fif -
teenth Annua l Wate r Conference , Engrs .
Soc. Wester n Pennsylvania , pp . 165-17 7
(1954); Discussion, p . 177 .

Results ar e summarize d o f tests t o de -
termine corrosio n resistanc e o f stainles s
steels an d othe r metal s i n high-purity ,
high-temperature wate r to aid in selecting
structural material s fo r atomi c reacto r
systems. Test s wer e carrie d ou t i n hig h
pressure autoclave s an d circulatin g sys -
tems usin g hig h pressur e pumps , al l o f
types 34 7 o r 304 . Factor s influencin g
corrosion tha t wer e studied includ e tem -
perature, wate r purit y an d chemica l
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additions, dissolve d ga s concentratio n
(oxygen), velocity , pressure , surfac e
preparation, hea t treatment , amoun t o f
metal working, galvanic coupling , geome-
try o f tes t sample , an d impose d stress .
Crevice corrosion , effec t o f pH , an d
chloride stres s crackin g ar e considere d in
the discussion . Dat a ar e give n fo r aus -
tenitic, ferritic , heat-resisting , marten -
sitic, an d precipitation-hardenin g stain -
less steels , an d nickel , Inconel , Monel ,
Hastelloy, 70-3 0 copper-nickel , SteUites ,
and Duranicke l amon g others . Tables ,
graphs.

(96) R . S . Treseder, "Sulfid e Corrosio n Crack-
ing o f Oi l Productio n Equipment, " Re -
port o f Technica l Uni t Committe e 1- G
on Sulfid e Stres s Corrosio n Cracking ,
Publication 54-5 , Corrosion,  Nat . Assn .
Corrosion Engrs. , Vol . 10 , p. 413 t (1945) .

Field experienc e wit h sulfid e corrosio n
cracking o f productio n equipment , par -
ticularly tubin g and casin g made of alloy,
nickel and chromium steels, an d SA E and
AISI stainles s steels , i n sou r gas-conden -
sate an d hig h pressur e sou r oi l well s i s
summarized alon g with dat a fro m recen t
field tests . Preventativ e measure s cur -
rently in use are described. Casin g i s pro-
tected by packing of f the annulus and b y
carefully selectin g the fluid s placed i n th e
annulus. Tubin g i s protected b y selectin g
materials o f maximum resistance t o crack-
ing, keepin g applie d stresse s t o a  mini -
mum, an d employin g suc h secondar y
measures a s inhibitor s an d protectiv e
coatings. Metallurgical , environmental ,
and mechanica l factor s involve d i n th e
problem o f sulfid e corrosio n crackin g ar e
discussed, an d futur e problem s involve d
in very deep sour wells are considered .

(97) W . L. Williams , "Investigation o f Crack-
ing in Stainless Stee l Auxiliary Boilers for
AM 42 1 Clas s Min e Sweepers, " U . S .
Naval Experimenta l Statio n Repor t EES -
040038F (6) , 3 2 pp . (1954) ; Corrosion,
Nat. Assn . Corrosion Engrs., Vol . 12, No.
4, p. 12 4 (1956).

Parts o f thre e low-pressur e stainles s
steel boiler s wer e examine d afte r havin g
been steamed approximatel y 100 0 hr . Al l
of th e boiler s had develope d stress-corro -
sion cracks . Crack s originate d fro m th e
water sid e in crevices near welds.

Observations regardin g th e suscepti -
bility o f stainless stee l t o stress-corrosio n
cracking i n boile r wate r environment s of
practical interes t sho w th e mos t critica l
zones are thos e i n which water-side crev -
ices exis t nea r welde d joints . Step s ar e
being take n alon g three lines : redesig n of
joints t o eliminat e crevices ; developmen t
of specia l boile r wate r treatments ; and ,
the use of nonmagnetic constructional ma -
terials othe r tha n stainless steel .

(98) R . Bakis h an d W . Robertson , "Interna l
Deformation Marking s in Singl e Crystal s
of Cupro-Gold, " Ad a Metallurgica,  Vol .
3, p. 513 (1955).

1955

(99) F . K . Bloom, "Stress Corrosion Crackin g
of Hardenable Stainless Steels," Corrosion,
Vol. 11 , pp. 351-361 (1955); See also Ibid.,
Vol. 9 , pp. 56-65, 103-105 (1953) .

The susceptibilit y o f hardenable stain -
less steel s t o stress-corrosio n crackin g de-
pends o n th e severit y o f stress , natur e of
the media , an d o n thei r hardness . Horse -
shoe test s an d direc t tensio n test s wer e
conducted in acetic acid , hydrogen sulfid e
solutions, 2 0 per cen t sal t fog , 6 per cen t
salt solution , an d marin e an d industria l
atmospheres. Th e effect s o f tempering ,
hardness an d interna l quenchin g stres s
were studied and th e appearance o f stress-
corrosion crack s examined . Acid-sulfid e
solutions an d chloride s promote d hydro -
gen embrittlement . Th e mos t resistan t
materials teste d wer e types 422 , 17-4 P H
and 17- 7 PH stainles s steel s overage d t o
Rockwell hardnes s C30 . Type s 410 , 41 6
and 43 1 showe d goo d resistanc e whe n
tempered a t 110 0 F. Type s 304, 305 , an d
17-10P cracke d only in acid-hydrogen sul -
fide-sodium chloride media. Martempering
is helpfu l i n minimizin g interna l stresse s
that ar e generated durin g quenching and
which promot e stress-corrosio n cracking .

(100) W . K. Boyd, and R. S. Peoples, "Corrosion
in Borated an d Deionize d Wate r a t Tem -
peratures u p t o 50 0 F," U.S . Atomi c
Energy Comm. , BMI-1047, p . 1 9 (1955).

Fully hardened typ e 440 C an d 17-4P H
stainless steel s wer e susceptibl e t o stres s
cracking in 500 F borated water . Overag -
ing 17-4P H allo y a t 105 0 F eliminate d
cracking. Typ e 30 4 stainless , low-allo y
steel 413 0 an d 17-7P H age d a t 105 0 F
were th e mor e resistan t material s tested .
Type 410 stainless air cooled from 180 0 F
and tempere d a t 60 0 F was also resistant
to cracking , exhibitin g failure in only th e
test in liquid borated water at 500 F under
a 2:1 , H 2-O2 atmosphere. Aluminu m allo y
M-257 wa s th e leas t corrosion-resistan t
material examined , disintegrating afte r a
336 hr exposur e i n 45 0 F borate d water .
Beryllium couple d t o 2 S aluminu m an d
exposed to deionized water at 300 F under
a 2:1 , H 2-O2 atmospher e showe d pittin g
attack i n contac t are a a s di d 61 S alumi-
num whe n coupled t o typ e 30 4 stainless .
Aluminum alloy 356 exhibited satisfactory
corrosion behavio r i n boilin g deionize d
water, uncouple d t o typ e 30 4 stainless .
Photos, photomicrographs , tables .

(101) J . A . Collins , "Effec t o f Design, Fabrica -
tion an d Installatio n o n th e Performanc e
of Stainles s Stee l Equipment, " Corrosion,
Nat. Assn . Corrosion Engrs., Vol . 11 , pp.
11-18 (1955) .

Several cas e historie s o f failure s i n
austenitic typ e stainles s stee l chemica l
process equipmen t ar e presented , th e
recurrence of which are prevente d by im -
proved design, better fabrication or instal-
lation. Therma l fatigue, concentration cell
corrosion an d stress-corrosio n crackin g
failures are considered .

(102) M . G . Fontana , "Material s fo r Handlin g
Fuming Nitri c Aci d an d Propertie s wit h
Reference t o Its Therma l Stability, " Ai r
Force Technical  Report  No . 6519,  Part V,
Wright Ai r Developmen t Center , (P B
No. 111,950) , p. 7 4 (1955).

Corrosion-fatigue studie s were made on
RemCru-70 titanium , titanium-150-A ,
Armco 17-7PH , an d 2 S aluminu m i n
white and re d fumin g nitri c aci d a t roo m
temperatures; fatigu e lives of titaniu m an d
17-7PH ar e shortened . Test s o n 17-7P H

show tha t i t i s no t subjec t t o stres s cor -
rosion. Both 3S and 61ST 6 aluminu m are
subject t o concentratio n cel l corrosio n i n
white fuming nitric acid. Polarization dat a
on aluminu m an d stainles s stee l ar e pre -
sented. The corrosion rate of stainless steel
is reduced t o ver y lo w value b y cathodi c
protection. Experiment s were made using
platinum as inert anod e and curren t den-
sities o f 1.5 to 1 0 ma per s q in. Numerous
diagrams, graphs , tables .

(103) J . J . Heger , "Stress-Corrosion o f Stainless
Steels," Metal Progress,  Vol. 67, pp. 109 -
116 (1955) .

Service experience s an d laborator y in -
vestigations tha t permi t som e generaliza-
tion about condition s unde r which stress-
corrosion crackin g wil l occu r i n stainles s
steels ar e described . Th e meta l ha s t o be
simultaneously subjecte d t o stresse s an d
exposed t o a  corrodin g environment .
Stress corrosio n ha s no t bee n observe d
in environment s tha t caus e rapid genera l
attack. Like pitting and intergranular cor-
rosion, stress corrosion appears to be asso-
ciated wit h a  localize d breakdow n of th e
protective film . Suc h fil m breakdow n i s
accelerated b y applied or residual stresses .
Cathodic protectio n o f stainles s stee l
against stres s corrosio n wa s suggested .
Findings ar e summarize d i n a  tabl e list -
ing th e contactin g metal s suc h a s mil d
steel, aluminum , chromium steel, copper ,
cupro-nickel, nickel , and platinum .

(104) J . R . Hunter , "Chlorid e Stres s Corrosio n
of Stainles s Steel, " Proceedings,  Sixteenth
Annual Wate r Conference , Engrs . Soc .
Western Pennsylvania , pp . 29-33 (1955) .
(Original pape r no t published , discussio n
only given.)

A discussio n wa s give n o f corrosio n o f
austenitic stainles s stee l i n boile r water .
Comparison of types 347 and 30 4 as boiler
materials is given. Results show that chlo-
ride io n an d oxyge n ar e contributin g fac-
tors t o crackin g of stainless steel . Control
of chlorid e concentration, oxygen concen-
tration, wetting-and-drying , temperature ,
time an d stres s a s factor s involve d i n
stress-cracking o f stainles s steel s ar e dis -
cussed.

(105) P . Lillys and A. E. Nehrenberg, "Effect of
Tempering Temperatures on Stress-Corro-
sion Crackin g an d Hydroge n Embrittle -
ment o f Martensiti c Stainles s Steels, "
Transactions, Am. Soc. for Metals, Vol . 48,
pp. 327-346 (1955); Discussio n p . 346 .

Cracking by stress corrosion and hydro -
gen embrittlement in types 410, 420, 422,
and 43 6 stainless steel s a t 30 0 to 120 0 F
was determined with beam-type specimens
which were stressed belo w the elastic limi t
in a 5 per cent sodium chloride spray or as
a cathod e i n a  solutio n o f 0.1 N (0. 5 pe r
cent sulfuri c aci d plu s 3  m g arseni c pe r
liter). Temperin g at 50 0 F provide s mini-
mum susceptibilit y t o cracking by hydro-
gen embrittlemen t fo r hig h hardness .
Maximum susceptibilit y t o stress-corro -
sion cracking and hydrogen embrittlemen t
results fro m temperin g at 80 0 to 100 0 F.
Delta ferrit e minimize s stress-corrosio n
cracking b y narrowin g the rang e o f tem -
pering temperature s whic h produc e sus -
ceptibility an d b y interferin g wit h crac k
propagation. (50 0 F is about th e tempera -
ture a t whic h cementit e begin s t o form ,
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900 F i s about th e temperatur e at which
an incoheren t carbid e begin s t o for m a t
the parent austenite grain boundaries).

(106) H . J. Noble and W. H. Sharp, "Steels and
Protective Treatment s fo r Us e U p t o
1000 F," Journal, Soc. Automotive Engrs.,
Vol. 63 , No . 11 , Nov . 1955 , pp . 57-61 ;
Transactions, Soc . Automotiv e Engrs. ,
Vol. 64 , pp. 59-7 5 (1956) ; Discussion , p .
75.

Factors involve d i n selectin g appro -
priate steel s ar e considered , emphasizin g
the rol e o f martensiti c chromiu m steel s
which combin e strength wit h rus t resist -
ance. Prevention and effec t o f rusting, a s
well a s elevate d temperatur e considera -
tions, ar e discussed. Fo r temperatures u p
to abou t 80 0 F, AM S 5616 (Gree k Asco-
loy) is to be preferred over AMS 5613
(type 410). At higher temperatures, PWA
722 steel (17-22A) with suitable protection
is superio r t o availabl e martensiti c chro-
mium steels . Stres s corrosion o f marten -
sitic chromiu m steels i s considered . Pro-
tective coatings , suc h a s electroplate d
nickel, electroless nickel plate, and diffuse d
nickel-cadmium plate are reviewed.

(107) R . N. Parkins, "Stress-Corrosion Cracking
of Welde d Joints," Pape r presente d a t a
meeting of the Institute of Welding (N. E .
Tyneside branch) , Feb . 3 , 1955 ; British
Welding Journal,  Vol . 2 , No . 11 , Nov. ,
1955, p. 495.

Stress-corrosion crackin g i s usually as -
sociated with welded joints due to residual
stresses remainin g in structure . Develop -
ment o f a critica l microstructur e i n hea t
affected zone s may further promot e stress
corrosion. Furnace annealing at an appro-
priate temperatur e i s th e mos t reliabl e
practice o f avoidin g stress-corrosion fail -
ures, bu t peenin g an d controlle d lo w
temperature stress relief ar e used for com-
ponents which cannot be annealed. Photo -
micrographs sho w intercrystallin e crack s
in aluminum-1 0 magnesiu m allo y an d
transcrystalline crack s i n 18-8 . Grap h
shows relationshi p betwee n stres s an d
cracking time for 0.09 carbon steel in boil-
ing nitrate solution. 26 references.

(108) D . K. Priest, "Some Important Fact s You
Should Kno w abou t Stres s Corrosion, "
Chemical an d Engineering  News,  Vol . 33,
p. 168 3 (1955) .

The autho r firs t define s an d explain s
stress corrosion, followin g whic h h e de -
votes a  fe w paragraphs t o th e origi n of
stress i n metals . H e the n review s briefl y
some o f th e stress-corrosio n systems ,
among them austenitic stainless steel. The
following i s written about th e latter : th e
stress-corrosion crackin g o f austeniti c
.stainless stee l ma y b e divide d int o tw o
different forms . Th e firs t o f thes e i s a n
intergranular crackin g brough t abou t b y
exposure i n a  suitabl e environmen t of a
sample which has been sensitized to inter-
granular attack by heating in the range of
540 to 76 0 C. In thi s temperatur e range,
chromium carbid e i s precipitate d a t th e
grain boundaries, which depletes adjacent
areas of chromium leaving them suscepti -
ble to intens e loca l attack. The presence
of stres s i n suc h a  situatio n act s t o lo -
calize furthe r an d accelerat e th e attack .
The secon d for m o f stres s corrosion i s
transgranular crackin g i n ho t chlorid e

and causti c solutions . Th e latte r i s per -
haps th e mor e prevalent type o f failure .

(109) F . L . Resen , "Wh y Di d Thos e Storag e
Vessels Fail?" O H and Ga s Journal, Vol.
54, No. 25 , pp. 89-9 4 (1955) .

A detailed metallurgica l study a t Bay -
town refiner y o f Humbl e Oil &  Refinin g
Co., o f regenerate d catalys t hoppe r an d
spent catalys t vessel s o f flui d catalyti c
Cracking unit . Materia l use d i n regener -
ated catalys t hoppe r wa s typ e 30 4 and
welding wa s don e wit h typ e 30 4 elec -
trodes. Th e spen t catalys t hoppe r an d
stripper wer e of typ e 347. Data obtained
from reduced section tensile, bend, Charpy
impact, hardness , an d Straus s test s and
metallographic examinatio n o f plate an d
weld specimen s ar e given . I n th e typ e
304 specimen s crack s wer e invariabl y
located i n area s demonstratin g sever e
plastic flow manifested by bulging , wrin-
kling, corrugatin g o r simila r distortion .
Metal temperature s of 150 0 F o r greate r
result i n carburizatio n o f insid e surface ,
intergranular oxidatio n o f outsid e sur -
face, an d sever e distortion. Straus s test s
indicated susceptibilit y t o intergranula r
corrosion. In th e typ e 347 material , fail -
ure wa s b y intergranula r crackin g i n
areas o f highes t stres s (du e t o sulfurou s
and sulfuri c aci d formation by hydrolysis
of iro n an d nicke l sulfid e scale) . Tables ,
photomicrographs.

(110) W . L. Williams , "Investigation of Stress -
Corrosion o f Austeniti c Stainles s Steel s
and Other Materials in High Temperature
Water Environments . Summar y of Work
from January , 1951 , t o January , 1955, "
Report EES-040028K,  U. S . Nava l En -
gineering Experiment Station, Marc h 29,
1955, 8 8 pp. ; Corrosion,  Vol . 12 , p . 96 a
(1956).

Data ar e summarize d from a n investi -
gation o f th e stress-corrosio n behavior of
various constructiona l material s i n high -
temperature water . Dat a ar e als o pre -
sented o n th e behavio r o f austeniti c
stainless steels , martensiti c an d ferriti c
stainless steels , nicke l bas e alloy s an d a
few miscellaneous materials. The principal
variables studie d include d alloy composi-
tion, stress level, water composition, liquid
versus vapo r exposur e an d stress-corro -
sion inhibitors . Dat a wa s obtaine d fro m
both laborator y test s an d experiment s
with actual equipment .

(111) C . A . Zapffe , "Huma n Bod y Fluid s Af -
fect Stainles s Steel, " Metal Progress,  Vol.
68, No. 1 , July, 1955 , pp. 95-98.

Mechanochemical attac k i s mor e fa r
reaching tha n previousl y supposed . Aus-
tenitic stainles s steel s hav e faile d fro m
stresses no t exceedin g residua l effect s o f
cold workin g an d fro m corrodent s n o
stronger tha n huma n perspiratio n an d
other product s of physiological processes .
A recent cour t case involved the fracture
of a  type 316 collision plate, 90 days after
insertion, while the patient was in bed.

(112) "Th e Selectio n and Applicatio n o f Stain -
less Steel s i n th e Chemica l Proces s In -
dustries," Metal Progress,  Vol. 68, No. 2A,
pp. 37-49 (especially pp. 38, 39) (1955) .

Chloride solution s provid e th e mos t
severe environmen t fo r stress-corrosio n
cracking to occur. Other environments are
hot wate r o f relatively lo w chloride con-

tent, system s containin g aqueous hydro-
gen sulfide , stron g ho t causti c solutio n
(possibly containing chloride), and vapo r
in a deaerating water heater. Stress-corro-
sion cracking is usually transgranular, and
sometimes may be accompanied by pitting.
The mechanis m of stress-corrosion crack-
ing has not been established at the present
time.

(113) "Specia l Allo y fo r Pipe s Unde r Stress -
Corrosion," Paper Trade  Journal, Vol. 139.
p. 38 (1955).

Type 329 stainless steel tubing and pipe
are reported to be suitable for applications
requiring resistanc e t o stress-corrosio n
cracking a s wel l a s genera l resistance t o
corrosion i n chlorides , haloge n ions , an d
certain caustic and aci d conditions . Type
329 stainles s stee l canno t b e classifie d
strictly as martensitic , ferritic , or austen-
itic and is reported to be considerably more
resistant t o stress-corrosion cracking than
the austenitic 18-8 chromium-nickel varie-
ties.

1956
(114) I . D . C . Berwick , " A Cas e Histor y of

Stress Corrosio n Crackin g o f Austeniti c
Stainless Steel," Corrosion, Vol. 12, p. 634t
(1956).

The stress-corrosio n crackin g an d pit -
ting o f stainless stee l strainer plate s used
in pulp mill digesters is discussed and con -
sideration i s given to the par t playe d b y
internal an d externa l stresses i n bringing
about th e plat e failures . Th e corrosiv e
nature o f th e environmen t i s als o con -
sidered. A  stress-relievin g treatmen t de -
signed t o alleviat e crackin g is described .
It wa s found tha t a molybdenum-bearing
stainless stee l heat treated at 155 0 to 1600
F for 30 min and followed by air or furnace
cooling showed no tendency to stres s cor-
rosion, eve n in severel y corrosiv e media .
With face plates made from type 317 stain-
less steel , stres s corrosion was eliminated
and pitting corrosion greatly reduced.

(115) S . Brenner t an d H . Nathorst , "Stress -
Corrosion Cracking of Austenitic Stainless
Steels i n Lo w Pressur e Stea m an d Ho t
Water," Jernkontorets  Annaler,  Vol. 140 ,
No. 11 , pp. 839-85 3 (1956) ; also Battette
Technical Review,  Vol. 6, No. 11 , p. 236 a
(1957).

Report o f experiment s o n typ e 31 6
stainless stee l showin g tha t stres s corro-
sion caused by low-pressure steam and ho t
water is due to stresses of sufficient magni-
tude, oxygen , an d condition s suc h tha t
hot, stron g chloride solution is formed .

(116) P . Cohen , "Coolant Technology In Pres -
surized Wate r Reactors, " Proceedings,
Seventeenth Annua l Wate r Conference ,
Engrs. Soc . Wester n Pa. , pp . 45-5 7
(1956).

The pressurize d wate r reacto r (PWR )
primary system is constructed o f austeni-
tic stainles s stee l pipin g an d stainles s or
stainless - clad carbo n stee l vessels . Fue l
materials ar e enclose d i n envelope s of a
corrosion-resistant materia l such as Zirca-
loy. Selectio n o f containe r material s i s
limited t o austeniti c stainles s o r carbo n
steels. I n lo w oxygen neutra l o r alkaline
water, stainless is very corrosion-resistant.
In neutral water corrosion solids are found



FULLER, PAUL , AN D MARRON—BIBLIOGRAPH Y 81

largely in th e for m o f a loosel y adherent,
finely divided magnetit e (containin g chro -
mium and nickel oxides) as well as a thi n
film on metal . Behavior of carbon stee l is
quite similar t o tha t o f stainless stee l ex-
cept tha t corrosio n rates fo r carbon stee l
are at leas t te n times as great as stainles s
steel an d susceptibilit y t o pittin g i s o f
extreme importance . I n contrast , carbo n
steels appea r t o b e immun e t o chlorid e
stress-corrosion cracking , whic h migh t
occur i n heat exchange r tubes on second-
ary side, whereas stainless steels appear to
be very sensitive in this respect, if oxygen
is presen t simultaneousl y wit h chloride .
Functional requirement s an d chemica l
problems in pressurized wate r reactors ar e
discussed. Graphs , photos.

(117) H . R . Copson , "Laborator y Technique s
for th e Investigatio n o f Stress-Corrosio n
Cracking," Stress-Corrosio n Crackin g and
Embrittlement (W . D. Robertson) , Joh n
Wiley an d Sons , Inc. , Ne w York, N. Y. ,
pp. 187-20 0 (1956).

Most problems relating t o stress-corro-
sion crackin g originat e outsid e o f th e
laboratory. Diagnosi s o f the failur e i s th e
first problem and, to assist in this, a classi-
fication o f service failures is presented. The
next problem is reproduction of the crack-
ing i n th e laborator y an d thi s usuall y
involves accelerate d tes t procedures . The
meaning an d significanc e o f residua l
stresses, applie d loads , th e corrosio n en -
vironment, an d th e interna l structur e o r
condition o f th e meta l i s carefull y con -
sidered. Finally comes a desire to correlate
the laborator y test s wit h servic e experi -
ence to find more resistant material s an d
to predic t behavio r i n relate d environ -
ments. Thes e aspect s o f the proble m ar e
discussed, an d th e genera l principle s in -
volved i n testin g procedure s fo r stress -
corrosion crackin g are reviewed.

It i s mentione d tha t stainles s stee l
cracks ma y b e eithe r transcrystallin e o r
intercrystalline, dependin g o n th e stee l
and the environment. He cites that crack-
ing of stressed austenitic stainless steels in
hydrofluoric acid seems to occur only when
corrosion rates are high.

(118) A . W. Dana an d W. B. DeLong, "Stress-
Corrosion Cracking Test," Corrosion, Nat.
Assn. Corrosion Engrs., Vol . 12, No. 7 , p.
19, (1956) (p . 309t).

The stres s corrosion of austenitic stain -
less steel may be caused b y contact wit h
a chloride-bearing insulating material . To
investigate this effect apparatu s has been
devised consistin g o f a U-ben d specimen ,
an insulatin g bloc k cu t t o contac t th e
specimen, an d a  resistanc e heate r tape d
to th e specimen . Th e bloc k i s immersed
in deionize d water . Th e heate r provide s
the test temperature and evaporates water
in contact with the specimen, causing con-
centration of soluble material leached fro m
the block. The apparatus ma y be used to
test specific solutions by substitution o f an
inert wickin g materia l fo r th e insulatio n
block.

(119) C . P . Dillon , "Us e o f Stainles s Stee l i n
Combatting Corrosio n i n th e Chemica l
Industry," Corrosion,  Nat . Assn . Corro-
sion Engrs. , Vol . 13 , No. 9 , p . 124 ; an d
No. 10 , p. 13 8 (1957) .

Stress-corrosion crackin g ha s bee n re - (123 )
ported i n water , condensate , aceti c acid ,
caustic, coffee , bake d beans , an d tomat o
soup, and specific instances of such failures
are cited. A  stress-relief annea l at 150 0 to
1750 F  i s recommende d to avoi d stress -
corrosion cracking . Unstabilize d regular -
carbon grade s o f austenitic stainles s stee l
can be used unless intergranular corrosion
is expected. Stress-corrosio n crackin g can
also affec t th e straigh t chromiu m steels,
chromium-nickel-manganese stainles s al -
loys (20 0 series) , an d duple x alloys . On e
instance i s reported o f cracking failure of
a cast Alloy Castings Institute, grade CH
(25 chromium-1 2 nickel ) pum p impelle r
in magnesiu m chlorid e brine , apparentl y

. due to operational stresses .
(120) C . Edeleanu, "Th e Phenomen a o f Stress-

Corrosion Cracking in Austenitic Stainless
Steels," Stres s Corrosio n Crackin g an d
Embrittlement (W . D. Robertson) , Joh n
Wiley an d Sons , Inc. , Ne w York, N. Y. ,
pp. 126-13 9 (1956) .

The author' s previou s wor k o n th e (124 )
preferential corrosio n an d crackin g o f
stress-induced martensit e provide s onl y
a partia l explanatio n fo r transgranula r
cracking in austenitic stainles s steel . Th e
mechanism of electrochemical reactions i n
chloride solutions i s explained. I t i s con-
cluded that the function of corrosion i s to
trigger th e mechanica l actio n tha t i s pri -
marily responsible fo r failure.

(121) U . R . Evans , "O n th e Mechanis m o f
Chemical Cracking, " Stres s Corrosio n
Cracking an d Embrittlemen t (W . D .
Robertson), Joh n Wile y an d Sons , Inc. ,
New York , N. Y. , pp. 158-16 2 (1956) .

(122) M . G. Fontana, "Stress Corrosion Crack-
ing in Type 403 Stainless Steel," Air Force
Technical Report  No . 56-242,  Wrigh t
Air Developmen t Center , (P B No . 121 ,
414), p. 51 (1956).

Determination o f th e effec t o f austeni- (125 )
tizing temperatur e o n hardness , impac t
and microstructure of type s 403, 420, and
431 stainless . Optimu m combinatio n o f
these properties occurred with the austeni-
tizing temperatur e o f 1725 , 1850 , an d (126 )
1900 F respectively for types 403,420, and
431. Tempere d structures displayed mini -
mums in impact strength , tempering tem -
perature curves at 1000 , 900 , and 100 0 F
for 403 , 420 , and 43 1 steels respectively .
Metallographic studie s mad e o f stress -
corrosion specimen s teste d i n a  1: 0 hy -
drochloric aci d an d wate r solutio n con -
taining 1 per cent selenium dioxide showed
that pittin g wa s initiated a t manganes e
sulfide inclusion s an d tha t crackin g wa s
associated wit h th e pits . Pittin g charac -
teristics wer e dependen t o n temperin g
temperatures an d therefore are related t o
microstructure of alloy. Cracking does not
occur in type 403 when it i s tempered a t
1050 F or higher. This temperature is low-
ered t o 90 0 F fo r type 420 and i t i s less (127 )
than 70 0 F for type 431 stressed t o 75,000
psi and tested in the above solution. Elec -
tron microscop y an d diffractio n studie s
made of tempered typ e 403 indicated sev -
eral carbides to be present after tempering
in the 100 0 to 120 0 F temperature range . (128 )
Diffraction pattern s var y fo r specimen s
tempered i n thi s range . Tables , photos ,
photomicrographs, graphs. Ten references.

W. Z . Friend , "Corrosio n Problem s i n
Nuclear Reacto r Powe r Stations, " Pro-
ceedings, Am. Powe r Conference, Vol . 18,
pp. 613-628 (1956) .

Discussion o f corrosio n of constructio n
materials used in nuclear power plants h i
which water is used both as primary cool-
ant an d fo r stea m generation . Metalli c
materials used in atomic reactors are clas-
sified a s fue l elemen t or construction ma-
terials. Fue l elemen t material s includ e
solid fuel s an d fuel-cladding . Ckddin g
materials most frequently used to date are
aluminum and zirconium alloys and stain -
less steel and berylliu m cladding . Crevic e
and stress-corrosio n crackin g i n reactor s
are discussed . Nuclea r radiatio n unde r
high flux density has a significant effect on
mechanical an d physica l propertie s o f
metals an d alloy s whic h affec t corrosio n
resistance. Corrosio n o f stainles s steels ,
nickel, Inconel , Monel , copper-nickel al -
loys and Hastelloy s i n high purity wate r
is discussed. Tables, graphs , 18 references.
H. P . George , "Evaluation o f Stress-Cor-
rosion Effects, " Proceedings,  Thir d Saga -
more Ordnanc e Materials Researc h Con-
ference, Durham , N. C. , Dec. , 5-7 , 1956 ,
p. 459 .

Stress corrosion is the cracking of metal-
lic materials which results fro m th e com-
bined effec t o f tensile stres s and corrosiv e
environment. Th e failure s ar e brittl e h i
nature an d occu r withou t warning . Th e
stresses ma y b e eithe r applie d i n servic e
or residual. Residual stresses are developed
by any process which creates a nonunif orm
change in shape by cold working transfor-
mations. Applie d stresse s ar e rarel y th e
sole caus e o f stres s corrosion ; residua l
stresses ar e usually the prime cause or a t
least a  contributor y caus e of service fail -
ures. Metal s discusse d includ e stainles s
steels. Photos , diagrams.
L. Graf , "Stres s Corrosio n Crackin g i n
Homogeneous Alloys, " Stres s Corrosio n
Cracking an d Embrittlemen t (W . D .
Robertson), Joh n Wile y an d Sons , Inc. ,
New York, N. Y., pp. 48-60 (1956) .
J. C . Griess, et al , "H.R.P. Dynamic So-
lution Corrosio n Studie s (for ) Quarte r
Ending Jul y 31 , 1956, " CF-56-7-52 ; Nu-
clear Science  Abstracts  (U . S . Atomi c
Energy Commission) , Vol . 11 , p . 138 3
(Nov. 15 , 1957).

A laboratory-scal e corrosio n study ha s
shown th e susceptibilit y o f stainless steel
to stress-corrosion cracking in boiling sim-
ulated HR T fue l solution s containin g
chloride ions. One phase of a test program
to examine the corrosion-fatigue behavio
of typ e 34 7 stainles s stee l bellow s i n
UO2SO4 solutions at elevated temperatures
has bee n completed. The result s indicat e
that th e lif e o f the bellow s is not greatl y
shortened when a UO2SO4 solution is used
as the corrodent instead o f distilled water.
J. J . Harwood , "Th e Phenomen a an d
Mechanism of Stress Corrosion Cracking,"
Stress Corrosion Cracking and Embrittle-
ment (W . D. Robertson), John Wiley and
Sons, Inc. , Ne w York, N . Y. , pp . 1-2 0
(1956).
R. H. Hay, " A Simple Graphica l Metho d
for Checkin g th e Adequac y o f Stress -
Corrosion Specime n Dimension s Agains t
Stress Concentrations, " Corrosion,  Nat .
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Assn. Corrosio n Engrs. , Vol . 12 , p. I7l t
(1956).

A design problem created by the anoma-
lous failur e o f thi n stress-corrosio n shee t
specimens a t th e loadin g pin hole s is de-
scribed. A  simple theory , on e that take s
stress concentration s du e t o hole s an d
fillets into account , i s develope d and re -
duced to a convenient, easy to use graphi-
cal for m tha t i s explained by exampl e of
its use.

(129) J . G . Hines and T. P . Hoar, "Th e Stress -
Corrosion Cracking of Austenitic Stainles s
Steels: Par t II—Full y Softened , Strain -
Hardened an d Refrigerate d Material, "
Journal, Iro n Stee l Inst. , Vol . 184 , pp .
166-172 (1956) .

Fully softene d 18- 8 chromium-nicke l
steels stresse d i n tensio n an d expose d t o
aqueous magnesiu m chlorid e (4 2 weigh t
per cent solution at 15 4 C gave stress-cor-
rosion crackin g qualitativel y simila r t o
that previously found (Part I) for the same
steels i n th e 'as-received ' (full y softene d
and slightly cold-worked) condition. How-
ever, certai n duple x steel s that fracture d
at zer o applied stres s i n th e 'as-received '
condition di d no t fractur e a t applie d
stresses less tha n about tw o thirds of the
0.1 pe r cen t proo f stres s whe n fully soft -
ened.

Plastic strain or subzer o treatmen t ap -
plied t o fully-softene d plai n 18- 8 steel re -
duced the time to fracture a t an y particu -
lar applied stress and increased the density
of cracking . Th e quasimartensit e forme d
by eithe r treatmen t probabl y provide s
especially activ e surfac e region s fo r th e
initiation o f stress-corrosio n cracks , bu t
plays little part in crack propagation .

(130) T . P. Hoar and J. G. Hines, "Stress-Corro -
sion Cracking of Austenitic Stainless Steels
in Aqueou s Chlorid e Solutions, " Stress -
Corrosion Crackin g an d Embrittlemen t
(W. D. Robertson) John Wile y and Sons ,
Inc., Ne w York , N . Y. , pp . 107-12 5
(1956).

A revie w of the authors ' recen t studie s
concerning electrode potential and current
measurements o n 1 8 chromium- 8 nicke l
steel wire s i n ho t aerate d 4 2 pe r cen t
magnesium chloride solution. The cathodic
process i s identifie d an d it s activatio n
energy calculated . Th e current density a t
the advancing edge of a crack is estimated.
The result s of cathodic and anodi c polari-
zation ar e given.

(131) T . P. Hoar and J. G . Hines, "Th e Stress -
Corrosion Cracking of Austenitic Stainless
Steels: Part I—Mechanism o f the Process
in Ho t Magnesiu m Chlorid e Solutions, "
Journal, Iron and Steel Inst., Vol. 182, pp.
124-143 (1956).

Austenitic stainless steel wires of several
usual compositions based on 18 chromium-
8 nickel , stresse d i n tension , hav e bee n
exposed to 42 per cent aqueous magnesium
chloride solution at 13 5 to 15 4 C. The ap -
paratus use d fo r th e test s provide d fo r
measurement o f th e corrosio n potentia l
and fo r the extensio n measurement of th e
exposed specimens durin g test.

Potential-time curve s obtaine d wit h
unstressed specimen s sho w a  ris e t o a
maximum followe d b y a  fall , an d ar e
generally similar to those obtaine d o n tin
and o n mild steel under conditions where
oxide-film repai r is followed b y film break-

down an d pitting . Stresse d specimen s be-
have similarly in the earl y stages of expo-
sure, th e potentia l first rising steadily; i t
then falls relatively rapidly, however, dur-
ing the las t few minutes before fracture of
the wire . Extension measurements during
tests an d th e mechanica l propertie s o f
specimens remove d befor e fractur e indi -
cate tha t crac k propagatio n take s plac e
only durin g the fina l rapi d potentia l fal l
and thus usually occupies only a small part
of th e tota l lif e o f a  specimen . A t hig h
applied stresses , crackin g begin s befor e
oxide-film repair as indicated by the poten-
tial rise is complete. At low stresses crack-
ing doe s not begi n unti l som e time afte r
film breakdown. A t hig h applie d stresse s
the over-all process is very sensitive to tem-
perature; th e apparen t activatio n energ y
for th e process of the induction perio d be -
fore crackin g being about 4 0 kg-cal per g
molecular weight and tha t for the process
of crack propagation abou t 10 kg-cal per g
molecular weight.

At hig h applie d stresses , th e time s t o
fracture o f steels of different composition s
are simila r an d no t greatl y influence d by
the stres s value . Generally , th e influenc e
of variation of composition i s indirect an d
much less marked than tha t o f other fac-
tors such as mechanical and surface condi-
tions.

At low stresses the times to fracture are
very sensitiv e t o th e stres s value . Al -
though stres s ha s littl e influenc e o n th e
processes occurrin g durin g th e inductio n
period o f corrosio n damag e precedin g
crack propagation, th e rate of crack propa-
gation i s substantially independen t of the
stress value . Mor e extensiv e corrosio n
damage i s required befor e crack s can b e
initiated by lowe r stresses .

The result s ar e discusse d i n term s of
corrosion processes similar t o thos e foun d
in know n cases o f film repai r an d break -
down; o f crac k initiatio n a t susceptibl e
points o n th e bar e meta l surface ; an d of
crack propagatio n b y th e rapi d anodi c
dissolution of highly stressed an d strained
metal.

Preliminary experiment s hav e show n
that th e processe s occurrin g durin g th e
induction perio d an d crac k propagatio n
can be greatly retarded b y relatively mild
cathodic protection.

(132) M . R . Hyslop , "Th e Cas e o f Chlorid e
Ions," Metal Progress,  Vol . 70 , No. 5 , p .
90-92 (1956) .

A typ e 30 4 tan k use d t o hol d malei c
anhydride suffere d fro m stress-corrosio n
cracking when chlorides leached ou t fro m
the insulatio n du e t o a  stea m lea k an d
concentrated where water in the leaching s
evaporated. Break s i n ta r coatin g als o
admitted rain water contaminated by fre e
chlorine and sulfu r chlorid e in the atmos-
phere. Recommendation s include d hea t
treatment t o eliminat e residua l stresse s
from fabricatio n o f th e tank , paintin g
prior t o insulation , an d chang e i n tan k
design. Photomicrograp h show s branc h
cracks typical of stress corrosion .

(133) G . Klingel, "Stress-Corrosion Crackin g of
Stainless Steel, " Metal  Progress,  Vol . 69,
April, 1956 , pp. 77-78.

Surface stres s i s ofte n presen t i n hard -
ened stainless stee l parts even after stress -
relieving treatments . Remova l o f a  thi n

surface laye r afte r heat-treatmen t ca n
prevent stress-corrosion failures.

(134) H . L. Logan and R. J . Sherman , "Stress -
Corrosion Crackin g o f Type 30 4 Austen-
itic Stainless Steel," Welding Journal,  Vol.
35 (Supplement) , Vol. 21 , pp . 389s-395 s
(1956).

In a  stud y o f the mechanis m of stress -
corrosion cracking, approximately 40 solu-
tions wer e investigate d a s possibl e cor -
rodents to be used in stress-corrosion tests
of type s 30 4 and 304 L stainles s steels . A
boiling 3^ per cen t sodiu m chloride-1 per
cent commercia l ammonium nitrite solu -
tion, p H 7.0 , produce d stress-corrosio n
cracking i n a  fe w hours in th e 30 4 stee l
stressed t o 8 0 per cen t o f yield o r more,
and i n th e 304 L stee l stresse d t o 10 0 per
cent o r mor e o f thei r roo m temperatur e
yield strengths . Crackin g wa s produce d
in 0.2-in. gage lengths strained 0.5 per cent
or more . There was , however, no correla -
tion betwee n macroscopi c strai n an d
tendency t o develo p stress-corrosio n
cracks. Pitting was generally produced by
solutions havin g pH' s les s tha n 4.0 .
Studies o f th e developmen t o f cracks ,
made bot h b y interruptin g test s an d b y
photographing specimen s in situ indicated
that stress-corrosio n crack s ca n develo p
with little, or possibly no, previous pitting.
Gas, believe d t o be hydrogen, wa s shown
escaping fro m cracks . Corrosio n products
contain meta l ion s i n approximatel y th e
same proportio n a s th e paren t metal .
Limited data indicate that stress-corrosion
cracking i s not limite d t o an y particula r
crystallographic plan e or set o f planes.

It i s postulate d tha t stress-corrosio n
cracking of type 304 stainless stee l result s
from rupturin g of the passiv e film by th e
application o f stres s unde r condition s
favorable t o th e formatio n o f oxyge n
concentration cells .

(135) R . B . Niederberger , "Stress-Corrosio n
Tests o f Stainles s Steel s i n Hig h Tem -
perature Waters," Naval Engineering Ex-
periment Station , Repor t EES-040028 M
(1956); Corrosion,  Nat . Assn . Corrosio n
Engrs., Vol . 13 , No. 2 , p. 139 a (1957) .

Stress-corrosion cracking occurred in all
specimens expose d t o liqui d an d vapo r
phases o f chloride-bearin g boile r water ,
except type 430 stainless steel. The results
confirm th e conclusion , tha t austeniti c
stainless steel s a s a  clas s ar e subjec t t o
stress-corrosion crackin g in high tempera -
ture waters containing chloride s and oxy-
gen. Steel s tested included : types 304 and
430, 6  austentitic steels with nicke l con -
tents fro m 1 0 to 4 0 pe r cent , an d Car -
penter-7 molybdenum.

(136) W . G. Renshaw , "Natur e of Stress-Cor -
rosion Crackin g o f Stainless Steel s When
Other Type s o f Corrosio n ar e Present, "
Corrosion, Nat . Assn . Corrosio n Engrs. ,
Vol. 12 , pp . 477t-478 t (1956) .

Stress corrosion and intergranula r cor -
rosion ca n occur simultaneously an d onl y
a fe w grains apart . Tw o case s ar e cite d
where molybdenu m bearin g stainles s
steels which had faile d primarily b y eac h
mechanism, bu t whic h had suffere d com -
bined attack fro m th e other as well. Both
types of failure are evident on each photo-
micrograph.

(137) A . V. Riabchenkov and V. M. Nikiforova,
"The Mechanis m o f Corrosio n Crackin g
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in Austeniti c Steels, " Metallovedeniei
Obrabotka Metallov  (U.S.S.R.) , No . 8 ,
Aug., 1956 , p . 2 . (I n Russian. )

Electrochemical factor s ar e ver y im -
portant i n initiatin g an d developin g cor-
rosion cracking . It i s claime d tha t a  po-
tential differenc e i s th e basi c caus e o f
failure.

(138) K . S . Sarma , "Stainles s Stee l fo r Corro-
sion Resistan t Service, " Product  Engi-
neering, Vol. 27, No. 8, pp. 370-371 (1956).

After explorin g th e relevan t propertie s
of 18-8 , the articl e describes their effect o n
fabrication an d desig n o f welde d equip-
ment fo r corrosive service. Ga s welding is
used with very thin sheets while arc weld-
ing i s mos t generall y used . Distortio n of
parts i n o r nea r wel d i n stainles s stee l i s
considered. Exposur e o f ho t zon e t o at -
mospheric oxyge n reduce s corrosio n re -
sistance at joint; hence, the need for coated
electrodes o r iner t shieldin g gas . Desig n
stresses an d stres s corrosion , electrolyti c
cell corrosion , chlorid e corrosio n an d
passivation are considered.

(139) H . Thielsch , "Her e Ar e Some Answers to
Stress-Corrosion Crackin g o f You r Pip -
ing," Paper  Trade  Journal,  Vol. 140 , No .
20, pp. 44-46 (1956) .

Stress-corrosion crackin g an d corrosio n
fatigue i n vessel s an d pipin g containin g
acids or caustic, and in power plants, and
steam generatin g an d transmissio n sys -
tems o f pul p an d pape r mills , ar e con -
sidered. Cause s o f stati c tensil e stresse s
and cycli c stresses , an d th e effect s o f
steam an d wate r composition , ar e dis -
cussed. Th e mos t importan t facto r con -
tributing t o stress-corrosio n crackin g i s
the conditio n o f butt welds along th e in -
side o f piping. Prope r join t design , prep -
aration and welding are reviewed.

(140) D . C . Vreeland , and S . H . Kalin , "Cor -
rosion o f Metal s b y Liqui d Fertilize r
Solutions," Corrosion,  Nat . Assn . Cor -
rosion Engrs. , Vol . 12 , No . 11 , p . 569 t
(1956).

Laboratory corrosio n tests conducted on
aluminum, carbo n steel , 5-chromiu m
steel an d type s 405 , 430 , 302 , 304L, an d
316L t o determine their suitability as ma-
terials for storage, transport and applica-
tor tank s fo r "nitrogen" an d "complete -
mix" liqui d fertilizers . Test s conducte d
were partia l immersio n o f smal l speci -
mens in each fertilizer solution , an d simu -
fated servic e test s i n whic h smal l tank s
labricated o f each materia l were partially
filled wit h eac h o f tes t solutions . Tan k
tests wer e als o use d a s stress-corrosio n
tests sinc e tank s wer e no t stress-relieve d
after welding . Weight-loss, thickness , pit -
ting dept h an d metallographi c examina -
tions determine d amoun t an d typ e o f
corrosion. In the ammonia-ammoniu m ni-
trate solutio n an d ammoniu m nitrat e
solution, aluminu m an d severa l o f th e
chromium an d chromium-nicke l stainles s
steels wer e resistant. I n mixe d solutions ,
only th e chromium-nicke l stainless steel s
were not attacked . Tables, graphs .

(141) W . L. Williams an d J . F . Eckel , "Stress -
Corrosion o f Austenitic Stainles s Steel s in
High-Temperature Waters, " Journal, Am.
Soc. Nava l Engrs. , Vol . 68 , No . 1 , pp .
93-104 (1956).

The result s o f an extensiv e laborator y
test progra m o n stress corrosion o f aus -

tenitic stainless steel s in high temperature
water an d stea m ar e given . A  brie f
description o f procedure , conclusion s
reached, an d illustrativ e dat a onl y a s
needed for clarity, ar e included. Following
a literature review, results of tests of small
laboratory specimens , and o f small boilers
made o f welde d typ e 30 4 stainless steel ,
are discussed . Numerou s test s wer e con -
ducted i n alkaline-phosphat e treate d wa -
ters. Crackin g wa s predominantly trans -
granular. Th e us e o f anneale d steels ,
stress-relief treatments , stabilize d grade s
of stainles s steel , lo w operational stresses ,
low chloride levels, low oxygen levels, an d
proper corrosio n inhibitor s ar e al l im -
portant step s toward elimination of stress-
corrosion hazards.

1957
(142) G . M. Adamson, J. P . Hammond , T. M .

Kegley, an d J . K . White , "Metallurgica l
Examination o f HRT Leak Detector Tub -
ing an d Flanges, " U.S . Atomi c Energ y
Comm., ORNL-CF-57-1-109, p. 25 (1957).

After severa l failure s occurre d i n th e
HRT (homogeneou s reacto r test ) lea k
detector system, several lengths of the 304
stainless tubin g were removed for metal -
lurgical examination. Chloride contamina-
tion entered the system in a portion o f the
first lo t o f tubing used for shield penetra -
tion. I n th e lea k detecto r system , cracks
were found that extended entirely through
the tube wall. While these cracks were typ-
ical chloride stress-corrosio n cracks , the y
formed unde r ver y lo w stres s levels . A
complete replacin g o f tubin g wa s neces -
sary. Cracks are found in two out o f fou r
high pressur e flange s examined . Crack s
were not dee p but wer e present in area of
highest stress ; replacemen t wa s required.
Photomicrographs.

(143) E . B . Backensto , "Surve y Reveal s Re -
former Corrosio n Data, " Petroleum  Re -
finer, Vol . 36 , pp. 201-204 (1957) .

A panel report o n a 31-company surve y
shows mos t frequentl y encountered diffi -
culties related t o catalytic reforme r corro-
sion are : excessive metal loss (abov e that
anticipated); heav y scalin g o f furnac e
tubes, exchangers and transfer lines; plug-
ging of catalyst beds ; fouling of heater an d
exchanger tubes; stress-corrosion cracking
of austenitic stainless steel; and pitting or
condensate-chloride corrosion. Other prob-
lems considered are: ho t spot s i n furnac e
tubes, high-temperatur e hydroge n attack
on carbon stee l reactor internals , carburi -
zation, dezincification , and fatigu e failur e
due to vibration. Preventive measures in-
clude: proper alloying, generally with 18- 8
at hig h temperatures ; feed-stoc k desul -
furization, hydroge n sulfid e remova l i n
recycle gas ; aluminizing ; acid cleaning t o
remove scale ; an d radia l flow reactors o r
mechanical scal e catchers.

(144) E . G . Bohlma n an d G . M . Adamson ,
"Stress-Corrosion Crackin g Problem s i n
the Homogeneou s Reacto r Test, " Paper
No. 57-NESC-lll,  Am . Soc . Mechanica l
Engrs., p . 21 (1957).

Chloride-induced stres s corrosion wa s
encountered in a n 18- 8 stainles s homoge-
neous reactor test during preliminary test -
ing. Reacto r i s uniqu e i n tha t i t wil l
operate a t 25 0 to 300 C with an aqueou s

uranyl sulfate solution fuel containing 200
to 50 0 ppm o f dissolved oxygen. Cracking
occurred i n a  secondar y syste m use d fo r
detecting leaks in flanged joints of primary
systems an d i n groove s of flange s i n pri -
mary systems . Tubin g use d i n leak -
detection syste m wa s foun d t o b e con -
taminated wit h chloride introduced during
manufacture. Tests show that stress-corro-
sion cracking of types 30 4 and 34 7 stain-
less doe s no t occu r i n oxygenate d uranyl
sulfate solutions unles s chlorides are pres -
ent. Composition is given of contaminated
solution from Homogeneou s Reactor Tes t
(HRT) Leak-Detecto r syste m include s
nickel an d chromiu m content . Photo -
micrographs, diagrams, 1 0 references.

(145) W . K. Boyd and H . A . Pray, "Corrosio n
of Stainless Steels in Supercritical Water,"
Corrosion, Vol. 13, No. 6, pp. 33-42 (1957);
Discussion p. 42.

Behavior o f 1 2 stainles s alloy s (type s
410, 302 , 347 , 309 , an d 310 , Armc o 17 -
7PH, 17-4PH , Alleghen y A-286 , Inconel -
X, Hastello y F , Hastello y X , an d AMS
5616), includin g bot h hardenabl e an d
nonhardenable grades , in degasse d super-
critical wate r a t 800 , 1000 , an d 135 0 F,
and a  pressure of 5000 psi is described. In
general, corrosion at 135 0 F was found t o
be intergranular , whil e a t 100 0 F, onl y
Inconel-X exhibited selectiv e penetratio n
along grain boundaries. All alloys suffere d
some decarburization and carbide precipi-
tation after exposur e to 135 0 F supercriti -
cal water . N o significan t phas e change s
were observed at 80 0 and 100 0 F. Armc o
17-7PH, Armco 17-4PH , an d Hastelloy F
alloys wer e mos t resistan t material s a t
1350 an d 100 0 F. Al l alloys exhibite d ex -
cellent resistance to 800 F degassed super-
critical water . AIS I typ e 31 6 was shown
to be susceptible t o stress-corrosion crack-
ing a t 136 0 F. Table s an d graph s sum -
marize corrosion data. Photomicrographs .

(146) B . W. Bradley and N. R. Dunne, "Corro-
sion Measurements in a Hydrogen Sulfide-
Water Absorption Pilot Plant," Corrosion,
Vol. 13 , No. 4, pp. 30-34 (1957).

Series of corrosion evaluation tests were
run concurrentl y i n a  pilo t plan t con -
structed t o evaluat e high-pressur e wate r
absorption followe d b y simpl e low-pres-
sure flashing as a means of sweetening sour
natural gas . Carbo n steel corrosion rates ,
although hig h initially , diminishe d t o
tolerable leve l withi n th e 19-da y test .
Killed carbon steel, type 304, Inconel, and
K-Monel wer e resistan t t o suifid e stress -
corrosion cracking . Inconel , Monel , an d
type 304 showed low weight loss. Hydro -
gen-probes indicate d decreasing corrosion
rates i n absorbe r an d degasifyin g drums.
Water dispersible , amine-typ e inhibito r
reduced carbo n stee l corrosio n rates an d
indicated protectio n fro m stress-corrosio n
cracking. Amon g other material s teste d
in for m o f coupon s wer e N-80 , J-55 , 9 -
nickel steel, SAE 4340, Ni-Resist, Carpen-
ter 20, types 302, 316, and 410, and nickel .
Data indicate stress-relieve d carbo n steel
vessels an d pipin g wit h typ e 30 4 or 316
pump casings, impellers and shafts, and K -
Monel impeller rings, Bourdon tubes, and
relief valv e springs. Tables, graphs .

(147) W . F . Brindley , L . R . Scharfstein , an d
M. A . Golik , "Chlorid e Stress-Corrosio n
Testing o f Type 347 Stainless Steel Steam
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Generator Tubing," U . S. Atomic Energy
Commission, WAPD-BT-3 , pp . 1-2 2
(1957), (als o Bettis Technical  Review,  Vol.
1, No. 3) .

Cracks i n th e stainles s stee l tubin g
varied i n depth , averagin g fro m 5  t o 1 0
mils. The majorit y of cracks observed ex-
tended a t leas t half-wa y aroun d th e cir -
cumference. Th e condition s o f thi s test ,
particularly th e considerabl e quantit y o f
oxygen in the vapor, are extremely severe
and ar e unlikel y t o occu r i n practice .
However, they do serve to give compara-
tive result s o n a n accelerate d basis . I t
appears tha t exposure to the vapor for an
extended period of time was necessary t o
cause cracking . Inasmuc h a s th e vapo r
consisted of rather larg e amounts of oxy-
gen it ma y be concluded tha t steam and
oxygen are an important part of the mech-
anism leadin g t o chlorid e stress-corrosio n
cracking. The fact that cracking can occur
in a deformed tube in a crevice, with very
little likelihoo d o f chloride concentratin g
in a  test o f this nature, points t o th e im-
portant influenc e o f th e gaseou s oxygen.
Tables, photomicrographs .

(148) E . G. Brush, "Behavior o f Type 347 Stain-
less Stee l i n Sodiu m Hydroxid e a t Ele -
vated Temperatures, " Repor t Kapl-M-
EGB-22, U.S. Dept. of Commerce, July 12,
1956; NS A 11,1198, Oct . 15 , 1957-S.

Tests hav e bee n performe d i n variou s
NaOH mixture s t o investigat e expecte d
behavior o f type 34 7 stainless steel hi th e
S2G thir d flui d sodium-potassiu m fille d
system in the event of a water leak . Ide -
alized capsul e test s show stress-corrosion
cracking t o b e sever e i n 10 0 per cen t
NaOH and in NaO H solutions containin g
appreciable amount s o f water . Test s o f
NaOH plu s various additives show, how-
ever, tha t i f th e corrosio n rat e can b e
made t o excee d 5000 mg per sq d m pe r
month the tendency t o crac k i s reduced .
The mos t promising additive seems to be
NaH.

(149) F . E . Clar k and A. J. Ristaino , "Investi -
gation o f Chemica l Inhibitors fo r Stress -
Corrosion Crackin g o f Stainles s Steel, "
Summary Repor t fo r Jan . 195 4 t o Jun e
1957, EES-010359 A (1957) , Nuclear
Science Abstracts  (U . S . Atomi c Energ y
Commission), Vol . 12, p. 67 5 (1958) .

(150) H . R . Copso n an d C . F . Cheng , "Som e
Case Histories o f Stress Corrosio n Crack-
ing o f Austeniti c Stainles s Steel s Asso -
ciated Wit h Chlorides, " Corrosion,  Nat .
Assn. Corrosion Engrs. , Vol . 13 , No. 6, p.
397t (1957).

Some 22 case histories of stress corrosion
cracking in type s 302 , 304, 316 , 321 , an d
347 stainles s steel s ar e presented . Thes e
occurred i n water , steam , brines , an d
miscellaneous solutions . I n eac h case ,
either th e chloride content was high initi-
ally, or conditions were such that chlorides
could concentrate . Usuall y th e tempera -
ture was quite hot. Often the environment
was acid and in most cases it seemed likely
that ai r wa s present . Microexaminatio n
always reveale d transcrystallin e crack s
which usually had a characteristic branch-
ing growth. In eac h case it was concluded
that interna l tensil e stresse s i n combina-
tion wit h concentrate d chloride s cause d
the cracking . Som e mean s o f avoidin g

cracking ar e pointe d out . Followin g th e
case historie s the result s of some labora -
tory test s are presented whic h show that
resistance to cracking increases with nickel
content, and that large additions of nickel
bring about a major improvement. Inconel,
which i s a t th e high-nicke l en d o f thi s
series o f alloy s i s considere d immun e t o
this type of stress-corrosion cracking.

(151) A . W. Dana , "Stress-Corrosio n Crackin g
of Insulate d Austeniti c Stainles s Steel, "
ASTM BULLETIN , No. 225, Oct., 1957 , p .
46 (TP196).

The phenomeno n o f stress-corrosio n
cracking which may occur when austenitic
stainless steel s are exposed to mois t ther -
mal insulating materials is believed t o re-
sult fro m th e actio n o f water-solubl e
chlorides leache d fro m th e insulations .
Chemical analyse s showe d tha t water -
soluble chlorides are present in 85 per cent
magnesia, calcium silicate, an d glas s fiber
insulating materials , wit h little difference
in chloride level between them. Simulated
service test s indicate d tha t 8 5 pe r cen t
magnesia insulation had the greatest tend -
ency to produc e cracking at 10 0 C. Afte r
200 days of exposure, no statistically sig -
nificant differenc e i n crackin g tendenc y
was present between calciu m silicat e an d
glass fiber insulations .

(152) J . Dedie u an d L . Pennec , "Analysi s of
Types o f Corrosion Encountere d i n 18- 8
Stainless Stee l Tubing : Cause s an d Pre -
vention," Corrosion  e t Anticorrosion, Vol.
5, pp. 348-358 (1957) .

A discussio n o f corrosio n failure s o f
18-8, 18- 8 molybdenu m and 18- 8 copper -
molybdenum tubing, including failure due
to intergranula r an d stress corrosion , fis -
suring and weld decay. Notes on methods
of prevention and control , including prior
heat treatment ar e given.

(153) D . J . DePaul , "Corrosio n Engineerin g
Problems in Hig h Purit y Water, " Corro-
sion, Nat. Assn. Corrosion Engrs., Vol. 13,
No. 1 , p. 75t (1957) ; Discussion, p. 79t .

Important corrosio n problem s ar e en -
countered in systems exposed to recirculat-
ing high-purit y wate r wit h respec t t o
particular engineering application o f mate-
rials. Most of the evaluations and remarks
are based on exposure to high-purity water
at 500 to 600 F at velocities up to 30 ft per
sec. Specia l attentio n i s give n t o crevic e
corrosion o f buildu p an d pittin g types ,
galvanic, intergranula r an d stres s corro -
sion. Material s considere d includ e 18- 8
types an d straigh t chromiu m stainles s
steels, nickel- , cobalt- , an d copper-bas e
alloys, an d hard chromiu m plate. Graph s
show effect s o f oxygen, clearance and tem -
perature o n crevic e corrosion. In discus -
sion, J . E . Drale y considere d aluminum-
nickel alloys and plating of aluminum with
Kanigen electroless nickel to prevent high
purity water attack.

(154) C . Edeleanu , "Avoidanc e o f Stres s Cor -
rosion i n Austeniti c Stee l Equipment, "
Chemical and Process Engineering, Vol. 38,
No. 5 , pp. 181-18 4 (1957).

Transgranular stres s corrosio n i s a fail -
ure which occurs with all normal austenitic
stainless steels. Failure is rapid onl y wit h
concentrated chlorid e or caustic solution s
and onl y at elevate d temperatures . Wit h
concentrated solutions, such as 42 per cent

magnesium chloride , mos t 18- 8 steels ,
whether teste d a s U-bend s o r a s tensil e
specimens loaded to a  known extent, give
a very similar life and there is no apprecia-
ble difference  betwee n stabilized materia l
and plai n 18- 8 steels . Certai n cast s o f
titanium stabilized steel do sometimes give
long live s an d ther e i s som e correlatio n
between delta ferrite content and suscepti -
bility o f thi s stee l t o cracking . A simila r
effect wa s notice d wit h plai n chromium-
nickel steels an d i n certain cast s o f chro-
mium-nickel-molybdenum steels . A n im -
provement ca n als o b e achieve d b y in -
creasing th e nicke l conten t o f steels an d
there ar e bot h niobiu m an d titaniu m
stabilized steel s availabl e commerciall y
with abou t 1 1 t o 1 3 pe r cen t nickel .
Higher nickel steels are even less suscepti-
ble, bu t a s nicke l i s increased , variou s
manufacturing and fabricatio n difficultie s
are met. Photomicrographs.

(155) C . Edeleanu an d P . P . Snowden , "Stress
Corrosion o f Austenitic Stainless Stee l i n
Steam and Hot-Water Systems," Journal,
Iron an d Stee l Institute , Vol . 186 , pp .
406-422 (1957) .

An investigatio n i s reporte d o n condi -
tions unde r whic h stres s corrosio n an d
cracking occur in austenitic stainless steel s
in stea m an d ho t water . Th e effect s o f
temperature, pressur e and contaminatio n
with chlorid e o r hydroxid e ions ar e dis -
cussed.

(156) G . E . Galonia n an d H . L . Tymchyn ,
"Results o f Stres s Corrosio n Crackin g
Tests of Retort Anneale d and Resistanc e
Annealed T-34 7 Stainles s Stee l Tubing,"
KAPL-MEMO-GEG-10, U . S . Atomi c
Energy Commission , 1 7 pp. (1957) .

The result s o f chloride stress-corrosio n
cracking test s o f resistance-annealed an d
retort-annealed T-347 stainless steel steam
generator tubin g ar e given . Thes e test s
were made in a  tilte d autoclav e exposing
unstressed tub e section s an d stresse d U -
bend tubin g t o alternat e wetting-and -
drying wit h 50 0 F  air-saturate d boile r
water. Nin e resistance-annealin g treat -
ments and one retort-annealing treatmen t
were investigated. Base d on the number of
cracks found an d genera l corrosion resist-
ance, tubing brought to resistance-anneal -
ing temperature in f t o I f mi n appears to
be a s resistan t t o crackin g a s retort -
annealed tubes. Retort-annealed tube s are
more resistan t t o genera l corrosio n tha n
resistance-annealed tubes . With the appli-
cation o f stres s t o resistance-anneale d
tubing more resistance t o cracking is ob-
tained wit h heating time s of f t o I f nu n
than whe n shorte r o r longe r time s ar e
used. Area s i n th e vicinit y o f electrica l
clamps o n resistance-anneale d tube s ar e
less resistan t t o corrosio n an d crackin g
than othe r sections of tubing. Tables an d
graphs.

(157) H . Gerischer , "Stress-Corrosion—Electro-
chemical Processes, " Werkstojfe  un d Kor-
rosion, Vol. 8 , p . 34 9 (1957) ; Metals  Re -
view, Vol. 30, p . 5 2 (1957) .

The narrow localization o f the corrosion
process i s cause d b y th e mechanis m of
plastic deformation . Unde r plasti c defor -
mation th e atom s on the line s of the sli p
pknes o r o n slippin g grai n boundarie s
along the surface will be activated and dis-
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solved favorably . As a  result , protectiv e
coatings ar e forme d o n the surfac e of al l
alloys susceptibl e t o stres s corrosion .
Cracking o f thes e cover s unde r plasti c
deformation increase s th e localizatio n o f
the corrosio n process and causes the phe -
nomenon of tension crack corrosion. Nine -
teen references .

(158) E . A . Gulbransen , T. P . Copan , and D .
Van Rooyen , "Structura l Aspect s o f th e
Corrosion o f Stainles s Stee l a t 50 0 t o
700 C  i n Gaseou s Atmospheres, " Pape r
before Am . Inst . Mining , Metallurgical ,
and Petroleum Engrs. , 2n d World Metal -
lurgical Congress, Chicago (1957), Chemi-
cal and Engineering News, Vol. 35, pp . 45 ,
49 (1957) .

Crystals whic h grow a s delicat e plate s
from th e surfac e of stainless steel may ex-
plain meta l failur e attribute d t o stres s
corrosion. They for m o n strongly stressed
stainless steel specimens which are exposed
to corrodin g atmosphere s containin g
traces o f chlorid e ions . Thi s growt h of
platelets o n th e surfac e coul d lea d t o
chemical cuttin g o f metal . A s platelet s
grow abov e th e surface , minut e crevice s
might gro w downward into the metal sur-
face, leadin g to concentratio n o f stress a t
base o f crevices . Subjected t o ver y pure
oxygen an d wate r vapor , th e surfac e o f
typical specime n erupt s wit h billion s o f
oxide whiskers ; thei r densit y i s abou t
six billio n pe r squar e inch . Unexpecte d
changes occur in crystal growth simply by
prestressing the stainless stee l and adding
less than five parts per million of chloride
ions t o th e atmosphere . Instea d o f long
thin filaments , row s of thin, upright , par -
allel plate s gro w i n definit e crystallo -
graphic direction . Electro n micrographs .

(159) P . H . Harley , "Stress-Corrosio n i n th e
Homogeneous Reacto r Tes t (HRT )
Mockup," U . S . Atomic Energy Commis-
sion, ORNL-CF-57-5-98 (1957). 20 pp.

A summar y of failure s whic h occurred
in th e HR T mockup . Al l o f th e failure s
have occurre d in typ e 34 7 stainless stee l
parts except type 321 O-ring and type 304
cap screw . All instances o f cracking were
found h i area s whic h contained stagnan t
liquid or low flow. In several cases, crevic e
corrosion whic h wa s cause d b y lo w flow
and oxyge n depletion wa s als o observed .
Solids o r scal e were found i n al l case s of
the crevic e type o f corrosion. Operational
life of the different  equipment varie d fro m
24 t o 800 0 h r befor e crack s wer e found .
Temperature at locatio n o f failures varied
from -15 0 t o +30 5 C . Al l failures oc-
curred i n hig h pressur e syste m o f loop .
Photomicrographs.

(160) G . W. Hinkle , "Productio n an d Fabrica -
tion o f New AIS I Types 20 1 and 202, "
ASTM BULLETIN , No. 220 , Feb. 1957 , p .
47 (TP35) .

This paper summarize s information o n
melting practice , hot - and cold-rollin g i n
blooming and strip mills, forging , anneal -
ing, pickling, brake- and roll-forming, deep
drawing, polishin g an d weldin g o f AIS I
types 20 1 and 202 . Table lists effect s o f
lower annealin g temperatur e (180 0 t o
1950 F) o n mechanical properties . Chart s
show cold rolling practice, oxidatio n char-
acteristics, an d hardness and gage surveys
of deep-draw n parts . Stress-corrosio n

cracking tests in boiling 10 M lithium chlo-
ride show no difference in cracking of com-
parative sample s o f drawn 201, 202 , and
302.

(161) T . M. Krebs, "Corrosion of Ferrous-Metal
Tubing. Ho w to Prevent Stress-Corrosio n
Cracking," OH and Ga s Journal, Vol. 55 ,
No. 20, p. 207 (1957).

Erosion-corrosion problem s resul t fro m
combination o f corrosion plus mechanical
sweeping away of corrosion products by a
high-velocity strea m with associated metal
loss. This is common at bend s or at inle t
ends of heat exchanger or refiner y heate r
tubes. Sulfu r compound s i n presenc e o f
water emulsifie d wit h oi l result i n corro -
sion wit h formatio n o f sulfates . Fo r fer -
rous material s th e mos t familia r occur -
rence in refiner y situations is crackin g of
austenitic stainles s steel s in chloride-bear-
ing environments . Sometime s accom -
panied b y chlorid e pitting , thi s typ e of
cracking occur s transgranularl y an d
usually with little actual meta l loss. Con-
centration o f chloride s i n coolin g wate r
led t o stress-corrosio n cracking of a  typ e
347 tub e fro m insid e whil e leachin g o f
magnesium chloride salt fro m wal l refrac-
tory during shutdown led to severe crack-
ing of tubing from the outside. In this case
stresses were largely of thermal origin bu t
may be from bending, welding, straighten-
ing or fluid pressure. Photomicrographs .

(162) O . Lissner , "Stres s Corrosio n i n Austen -
itic Stee l b y Nitrates, " ASEA  Journal,
Vol. 30, No. 5, p. 85 (1957). (In Swedish.);
Engineers Digest,  Vol. 18 , No. 12 , pp. 57 -
571 (1957).

Intergranular crack s develope d i n a n
austenitic steel of unspecified composition
in service as an end bell in a turbo-genera-
tor installation . Sample s o f th e meta l
subjected t o chloride-containing test solu-
tions developed only transgranular cracks ,
but i n a calcium-ammonium nitrate solu -
tion rapidl y forme d intergranula r stress -
cracks. A  manganese-chromium stee l (n o
analysis) als o develope d intergranula r
cracks in the nitrate solution. Nitrate de-
posits were found in connected equipment.
Improved material s suggeste d fo r thi s
service application are austenitic stainless
steels. Two showing "satisfactory results "
in both chlorid e and nitrate solutions are
12 chromium-1 2 nickel- 6 manganese-0. 2
carbon steel , an d 1 2 chromium-20 to 2 4
manganese-0.08 t o 0.20 carbon (n o infor-
mation on nitrogen content) .

(163) T . Marshal l an d A. J. Hugill , "Corrosio n
by Low-Pressur e Geotherma l Steam, "
Corrosion, Nat . Assn . Corrosio n Engrs. ,
Vol. 13 , No . 5 , p . 5 9 (1957 ) (p . 329t) ;
Discussion, p . 67 (p. 337t) .

With vie w t o usin g geotherma l stea m
for electrica l powe r production, th e Ne w
Zealand Dept . o f Scientific and Industria l
Research investigate d corrosive properties
of th e stea m i n contac t wit h turbine an d
condenser alloys . Low - and high-velocit y
corrosion test s wer e conducte d i n geo -
thermal steam containing hydrogen sulfide
and carbon dioxid e and steam-water mix -
tures containin g chloride s i n addition .
Detailed result s ar e give n fo r a  rang e of
common engineerin g alloys includin g Ni -
Resist, high-silico n an d gra y cas t irons ,
4.7 nickel steel, various 18- 8 steels , 35-1 0

nickel-chromium stainless , Re x 326 stain-
less steel , Monel , Inconel , nicke l an d
nickel-plated steel , amon g others . Stres s
corrosion, erosion corrosion and hydrogen
embrittlement are discussed. Tables .

(164) K . Matthaes , "Stress-Corrosio n an d th e
Theory o f Tenacity," Werkstojfe  &  Kor-
rosion, Vol . 8 , p . 26 1 (1957) ; Chemical
Abstracts, Vol. 52, p. 1705 4 (1958) .

Danger o f cracking by stres s corrosion
depends bot h o n th e mechanica l an d
chemical stress of the material. Condition s
for occurrenc e are (1 ) the presenc e of two
different kind of atoms in the same lattice,
and (2 ) th e presenc e o f elastic o r hyper -
elastic stresses . A  corrosiv e agen t mus t
act, attackin g the mixed crystal; a poten-
tial gradient must exist between the com-
ponents o f the material ; an d ther e mus t
be solven t actio n b y th e corrosiv e agent.
As foreig n atom s influenc e th e elasti c
limit an d flo w properties , eac h stres s
causes a  chang e i n linkag e an d i n th e
electrochemical potential .

(165) A . B. Mclntosh , "Corrosio n Problem s in
the Productio n o f Nuclear Power," Chem-
istry an d Industry, p. 687 (1957) ; Discus -
sion, p. 166 .

Maintenance i s possibl e i n chemica l
plants for extraction o f uranium, but no t
in plant s wher e plutoniu m i s extracted .
Development o f chromium-nickel austen-
itic steels for constructional materials was
considered. Cooperativ e effor t resulte d
in adoptio n o f 1 8 chromium-1 3 nicke l
stabilized by 1 per cent niobium which was
not los t durin g welding . 18-13- 1 niobium
corrodes at les s than hal f th e rate of 18-8-
titanium i n 70 per cent (b y weight) nitri c
acid a t th e boilin g point suc h a s used in
the plutoniu m separation process . Effect s
of various influences on corrosion of stain-
less steels and welds, inhibition of acceler-
ated corrosio n b y nitroge n dioxid e an d
mechanism o f corrosio n of stainles s stee l
in boiling nitric acid were discussed. Fur-
ther problem s considere d include d corro -
sion of magnesium alloy cans (used to store
fuel elements under water during cooling),
corrosion o f stainles s an d mil d steel s i n
water a t hig h temperature , zirconium ,
aluminum and their alloys. I n discussion ,
T. P. Hoar questioned reference to stress -
corrosion crackin g o f stainles s stee l i n
steam containing no trace of chloride.

(166) W . C. Rion, Jr., "Stress-Corrosio n Crack-
ing of Austenitic Stainless Steels in Chemi-
cal Plan t Equipment, " Industrial  an d
Engineering Chemistry,  Vol . 49 , No . 3 ,
pp. 73A , 74A, 76A, 78A (1957).

Some cas e historie s o f condenser s an d
heat exchangers , coolin g coils , i n contac t
with wet thermal insulation are given. In
all failure s that wer e investigated, aque -
ous medi a containin g chloride s wer e in -
volved. I t wa s impossibl e t o establis h
the minimu m chlorid e conten t a t whic h
cracking woul d occu r becaus e ther e wa s
evidence i n al l case s tha t concentratio n
of chloride s ha d take n place . I t i s sus -
pected that , in th e absenc e of crevices or
heated surface s o n whic h concentration s
of chloride s ca n occur , a  hig h chlorid e
concentration (severa l per cent) woul d be
necessary t o initiate cracking . The lowest
metal temperatur e at whic h stress-corro-
sion crackin g occurre d wa s 8 0 C. Usu -
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ally th e meta l temperatur e wa s 100 C
or higher . Annealin g afte r fabricatio n
was no t effectiv e i n th e preventio n o f
stress-corrosion cracking . Servic e failure s
occurred i n pipin g o r equipmen t item s
of type s 304, 304L, 316 , 316L , 347 , an d
390 stainless steels.

(167) F . B . Snyder , T . A . McNary , an d F .
Eberle, "Investigatio n o f Suitabilit y o f
18-8 (Typ e 304 ) Allo y fo r Superheate r
Service'—With Respec t t o Corrosio n an d
Stress-Corrosion Behavio r i n Chloride -
Bearing Stea m Condensate, " Am . Soc .
Mining, Metallurgical , an d Petroleu m
Engrs., Pape r No . 57-A-17 4 (1957) . 1 7
pp'An investigatio n o f th e possibilit y o f
using nonstabilized 18-chromium , 8-nickel
type alloy s a s high-temperatur e super -
heater material s i n plac e o f th e presen t
practice of using stabilized 18-8 materials.
Stress-corrosion test s i n syntheti c stea m
condensates containing 38.4 and 2000 ppm
chloride showe d that bot h stabilize d an d
nonstabilized alloy s suffere d stress-corro -
sion cracking. No significant difference was
observed i n thi s respec t betwee n the tw o
types of materials.

(168) I . Spiewak , and H. L. Falkenberry, "Th e
Homogeneous Reacto r Tes t Mockup, "
Advances in Nuclear Engineering, Am. Soc.
Mechanical Engrs. , Vol . 2 , pp . 62-6 9
(1957).

During desig n an d constructio n o f th e
Homogeneous Reactor Test (HRT) , some
of it s majo r component s were assemble d
and operated on unenriched uranyl sulfat e
solution. A  description o f thi s mocku p i s
presented an d operationa l experienc e a s
related t o desig n an d operation of HR T
is outlined. Major material of construction
for bot h fue l an d blanke t system s i s of
type 347 stainless steel . Th e reacto r cor e
vessel is made of Zircaloy 2, the ga s sepa-
rator an d certai n part s o f the circulatin g
pump are made from titanium . Stress-cor -
rosion crackin g o f 34 7 stainless stee l oc -
curred in several stagnant oxygen-depleted
regions i n contac t wit h urany l sulfate .
Cracking wa s generall y accompanie d b y
precipitation o f solids ; n o suc h phenom -
ena wer e observed whe n oxygen concen-
tration i n main steam was maintained a t
a prope r level . Tables , photos , diagrams .

(169) H . H . Uhlig , R . A . White , an d J . Lin -
coln, Jr. , "Austeniti c Chromium-Iron -
Nickel Alloys Resistant to Stress Corrosion
Cracking i n Magnesiu m Chloride, " Acta
Metallurgica, Vol . 5 , No . 8 , pp . 473-47 5
(1957). (I n English. )

Reports o n failur e an d resistanc e t o
failure b y th e stress-corrosio n crackin g
mechanism, of chromium-nickel-iron stain-
less steels in boiling 42 per cent magnesium
chloride. Laboratory heats of austenitic o r
ferritic composition s were prepared which
did no t crac k withi n on e wee k o r mor e
exposure to the test solution compare d t o
cracking tim e o f 1. 5 h r fo r commercia l
type 304 . Specimen s were sheared strips ,
stressed beyon d limit to form U, insulate d
from apparatus , sprin g loaded , an d full y
immersed i n magnesiu m chloride . Plasti c
deformation a t —19 6 C  produce s mor e
cold-worked ferrit e tha n deformatio n a t
higher temperatures ; suc h cold-worke d
ferrite i s mor e crack-resistan t tha n un -

transformed austenite . A  series of heats of
high-purity 18- 8 stee l containin g con -
trolled amount s o f nitroge n an d carbo n
were tested. Those with less than 0.01 per
cent carbon and 0.01 per cent nitrogen did
not crac k withi n 26 0 hr . Wit h 0.1 5 pe r
cent carbo n o r 0.1 5 pe r cen t nitrogen ,
cracking tim e wa s 2. 5 hr an d 1. 2 hr, re -
spectively. Rol e o f nicke l i n providin g
increased resistanc e t o stress-corrosio n
cracking is discussed. Experiments demon-
strate tha t a  precipitatio n proces s i s re-
sponsible fo r crackin g susceptibilit y an d
that austenite-to-ferrit e transformatio n i s
secondary. Crac k direction i s dictated b y
bona fide carbide o r nitrid e precipitates ,
or b y incipien t precipitate s a t localize d
concentrations o f interstitial atoms. Tabl e
shows effect o f carbon, nitrogen and nicke l
on stress-corrosion crackin g in magnesium
chloride.

(170) W . L . Williams , "Chlorid e an d Causti c
Stress Corrosio n o f Austeniti c Stainles s
Steel in Hot Water and Steam," Corrosion,
Nat. Assn . Corrosio n Engrs. , Vol . 13 ,
No. 8 , p. 539 t (1957) .

The variou s factors which affec t trans -
granular stres s corrosio n o f austeniti c
stainless steel s in steam-hot wate r system s
are discussed. The evidence indicates tha t
complete solutio n o f th e proble m canno t
be guarantee d throug h contro l o f the al -
loy composition an d condition, o r through
control o f temperatur e an d stres s leve l
within practica l limits . Contro l o f suc h
factors and attention to design can reduce
stress-corrosion hazards , bu t complet e
elimination apparently require s treatmen t
of th e environment to render it noncorro-
sive. The most serious trouble s ar e in th e
steam phas e i n area s wher e intermitten t
wetting an d steamin g ca n caus e concen -
tration o f wate r solids . Stres s corrosio n
from chloride s i s show n t o b e dependen t
on oxyge n content , an d preventio n o f
damage from thi s source may be obtained
by limiting either the chloride leve l or the
oxygen level. Stress corrosio n from causti c
solutions i s no t s o wel l understood , bu t
preliminary information indicates that the
maintenance of a proper phosphate-causti c
ratio ma y be a suitable preventiv e meas-
ure.

(171) "Nuclea r Powe r Problems, " NRL-508 4
(Progress Report , 1957) , Nuclear  Science
Abstracts (U . S . Atomic Energy Commis-
sion), Vol. 12, p. 606 (1958).

Results o f stress-corrosio n experiment s
on type 347 stainless steel capsules contain-
ing NaCl solutions (50 0 to 53 0 ppm chlo-
ride) ar e summarized . Microscopi c ex -
amination o f th e insid e capsul e surface s
showed evidenc e o f localize d attac k i n
capsules containin g H 2O2.

(172) "Investigation s Int o Stress-Corrosio n
Cracking in Welded Gas Plant," Gas Jour-
nal, Vol . 292, p. 464 (1957); Metals Review,
Vol. 31, p. 50 (1958).

Stress-relieving o f welde d component s
by Lind e low-temperatur e proces s an d
control of liquor compositions are effectiv e
in preventing cracking .

(173) "Corrosio n Studies, " Bettis  Technical  Re -
view, Volum e 1 , No . 3 ; Nuclear  Science
Abstracts (U . S . Atomic Energy Commis-
sion), Vol . 12 , p. 2 2 (1957).

Results o f an extensiv e investigation of
chloride stress-corrosio n testin g o f typ e
347 stainless stee l steam generator tubing
are presented . Experiment s to determine
the effec t o f corrosion of type 304 stainless
steel with varying carbon content in refer -
ence primar y coolan t wate r ar e given .

1958
(174) E . B . Backenst o an d R . W . Manuel ,

"Corrosion i n Cat Reformer s With Naph -
tha Pretreaters, " Oi l & Gas Journal, Vol.
56, No . 20 , pp. 131-13 5 (1958) .

This paper includes the statement tha t
transgranular stress-corrosio n crackin g of
austenitic stainles s stee l b y chloride s i s
being prevente d b y washin g pipin g an d
exchangers with water and dilute alkalin e
solutions during shutdowns. Intergranular
cracking o f unstabilize d austeniti c allo y
lining has occurre d in on e pre-treater re -
actor, probably a s a  resul t o f polythionic
acids forme d b y actio n o f we t stea m o n
sulfide scale, but has not occurred in units
where stabilized alloy s ar e used an d con -
tact o f wet steam is avoided.

(175) E . Baerlecke n an d K . Lorenz , "Stress -
Corrosion an d Structur e Formatio n o f
Austenitic Chromium-Nickel Steel X8 Cr-
Ni-Mo-V-Nb 16/13, " Mitteilungen  de r
Vereinigung de r Grosskesselbesitzer, No. 54 ,
pp. 215-219 (1958); Abstracted i n Combus-
tion, Vol. 30, No . 5 , p . 7 0 (1958) .

Stress-corrosion crack s i n austeniti c
steel caused b y accidenta l addition o f so-
dium chlorid e to feedwate r wer e investi -
gated. I t wa s shown that th e stee l fro m
one sourc e containin g les s nitroge n tha n
that fro m anothe r sourc e was more liable
to stres s corrosio n an d tha t th e colum -
bium-carbon ratio was a secondary factor.
In additio n t o metallographi c exam -
ination, th e corrosio n behavio r o f steel s
in fumin g 6 5 pe r cen t nitri c aci d ha s
proved a  valuable indicator of the factors
contributing t o th e crac k formation .

(176) P . Bastien , H . Veron , an d C . Roques ,
"Special Steels Resistant t o Stress-Corro -
sion by Hydrogen Sulfide," Revue de metal-
lurgie, Vol. 55, No. 4, p. 30 1 (1958); Dis-
cussion p. 313 .

A review of the principle s o f embrittle-
ment o f steels. Description i s given of in -
vestigations o f chromium-molybdenum -
vanadium steels . Result s o f test s o n
hydrogen embrittlement an d o n corrosion
under stress showed influence of cold work-
ing, composition , an d mechanica l proper-
ties of the steel. Steels used in tests include
stainless steels and a 9.15 pe r cent nicke l
steel. Th e influenc e o f chromium content
on corrosio n resistanc e o f stainles s steel s
was studied fro m th e poin t o f view of sus-
ceptibility t o hydroge n an d a  scal e o f
mechanical properties a t which steels show
greatest resistanc e t o hydrogen was devel-
oped. I t wa s found tha t 9 per cent nicke l
steel behaves very badly and that it is im-
possible to anneal it at high temperatures.
A detailed study of the possibility of indus-
trial hea t treatmen t wa s carrie d out .
Graphs, photomicrographs , tables .

(177) S . Berg , "Stress-Corrosio n o f Austeniti c
Stainless Steel," Acciaiolnossidabile, Vol.
25, p. 11 5 (1958); ReviewM&jl IMerature,
Vol. 16 , No. 4 , p. 3 2 (1959) .
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Theories o f mechanis m of stres s corro-
sion. Laboratory testing of steels of vary-
ing allo y content ; influenc e o f typ e o f
corrosive agent , concentration , pH , tem -
perature, type and amount of stress, alloy -
ing elements, and structure of steel. Exam-
ples o f stres s corrosio n o f equipmen t i n
service. Nine references .

(178) W . O. Binder, "Stainless Alloys . .. Pres -
ent an d Future, " Chemical  Engineering
Progress, Vol. 54, p. 45 (1958) .

A review of present positio n of stainles s
alloys includin g lates t development s i n
new alloys , theory , an d practice . Stres s
corrosion is among the topic s discussed.

(179) J . F . Bosich , "Corrosio n Problem s at a n
Alkali-Chlorine Plant," Industrial an d En-
gineering Chemistry,  Vol . 50 , No . 7 , p .
69A (1958).

Jigger scree n hoppers , fabricate d fro m
type 403 stainless steel under hig h vibra -
tion, a t 17 5 F, ar e use d t o separat e th e
coarse fro m th e fin e mil k o f lime . Th e
screens are cleaned daily by washing with
a dilut e solution o f inhibited hydrochloric
acid. Lon g hairlin e crack s develope d i n
the stainles s stee l o n th e botto m afte r 6
weeks o f operation . A n attemp t t o wel d
the crack s wa s unsuccessful . B y welding
a stee l plate, followe d b y painting with a
glass-fiber reinforce d neopren e lining sub-
stantially les s down-time and a  consider -
able reductio n i n buildu p o f lim e wa s
achieved.

(180) W . K . Boyd , "Observation s o n Stress -
Corrosion Cracking of Austenitic Stainles s
Steels," Paper befor e NACE , North Cen-
tral Section , Cincinnat i (1958) ; Abstract ,
Corrosion, Nat . Assn . Corrosio n Engrs. ,
Vol. 14 , No. 9, p. 79 (1958) .

Case historie s o f a  numbe r o f stress -
corrosion crackin g failure s encountered i n
plant servic e are presented an d discussed .
Emphasis is placed on the type, extent and
frequency o f th e crackin g observed . Re -
search technique s employe d t o establis h
that th e failur e i s on e of stress crackin g
also are described.

(181) W . K. Boyd and E. S . Bartlett, "Reacto r
Core Materials : Claddin g an d Structura l
Materials, Corrosion , Stainles s Steels ,
Nickel-Base Alloys, " Technical  Progress
Review, Battell e Memoria l Inst. , Vol . 1 ,
No. 4, pp. 22, 23 (1958).

A descriptio n o f th e statu s of work on
the mechanis m o f stress-corrosio n crack -
ing of stainless steel . Prefilmin g I n urany l
sulfate - copper sulfate was found t o give
some protectio n fro m 5 0 pp m chlorid e
level; sodiu m sulfit e additio n wa s als o
helpful. Highe r nicke l conten t o f alloy s
give improve d resistanc e t o crackin g i n
chlorides.

(182) R . G . Christman, et al , "Re-evaluation of
Chrome Plate d Hardene d Typ e 41 0
Stainless Stee l fo r Slip-o n Stato r Typ e
Mechanism Moto r Tube, " WAPD-CT A
(ME)-223; Nuclear  Science  Abstracts  (U .
S. Atomic Energy Commission) , Vol. 12 ,
p. 161 4 (1958) .

The Submarine Thermal Reacto r Mar k
I Core- 3 utilizes hardened typ e 410 stain-
less stee l a s primar y coolan t pressur e
boundary materia l in th e moto r tube s of
all contro l ro d drive mechanisms . Stress -
corrosion data, othe r laboratory tes t data,
and service performance data are reviewed

and th e suitabilit y o f th e stee l fo r thi s
application is re-evaluated .

(183) R . E . Collins , "U.S . Exper t Describe s
Italy's Firs t Semichemica l Mill, " Paper
Trade Journal,  Vol. 142, No. 1 , pp. 24-2 9
(1958).

Description of Societa per Azioni Fabri-
che Fiammifer i E d Affini' s semichemica l
mill i n Magenta , Italy. Rotary digester s
are mad e o f mil d steel . Linin g digester s
with stainles s stee l prove d unsatisfactor y
due t o stres s crackin g a t plu g weld s s o
metallizing with stainless wa s tried. Proc -
ess piping i s eithe r rubber-lined , lea d o r
stainless steel . Pulp is discharged from to p
of towe r by a rotary plow into a stainles s
steel scre w conveyor. Causti c an d bleac h
liquor ar e pumped to stainles s stee l hea d
boxes tha t maintai n constan t head s o n
rotameters supplyin g causti c an d bleac h
to caustic an d hypochlorite stages .

(184) C . Edeleanu, "The Intercrystallin e Corro -
sion o f Stainles s Steels, " Chemistry  an d
Industry, No . 42 , pp . 1360 , 137 1 (1958) .

Intercrystalline corrosio n o f austeniti c
steels i s generally assumed to be the con-
sequence o f carbid e precipitatio n i n th e
steel and i s successfully controlle d eithe r
by hea t treatmen t o r b y stabilizatio n o f
the steel s wit h titaniu m o r columbium .
However, there are at leas t thre e cases in
which intercrystallin e failure s ar e know n
to occur in steels which have been properly
stabilized o r h i which th e norma l expla -
nation cannot be applicable . On e case i s
intercrystalline corrosio n found i n steel h i
caustic solutions at elevated temperatures .
It seem s tha t condition s leadin g t o thi s
type o f failur e ca n aris e i n plant s usin g
reasonably hig h purit y waters , provide d
that there is a heavy heat flux through the
steel an d th e desig n i s suc h a s t o allo w
concentration effect s t o occur . A  secon d
type of intercrystalline failur e occurs with
low carbon 18-8 molybdenum steel. It was
found tha t wha t appear s t o be intercrys-
talline stress corrosio n occur s i n concen -
trated chlorid e solution s suc h a s 4 2 pe r
cent magnesiu m chloride. Intercrystallin e
corrosion has als o bee n foun d wit h aus -
tenitic alloys in fused chloride. This type of
cracking i s agai n believe d no t t o b e th e
preferential leachin g o f th e chromiu m by
the salt. I t appear s therefor e tha t ther e
are at least three types o f intercrystallin e
corrosion associate d wit h th e austeniti c
stainless stee l which ar e no t du e t o lac k
of stabilizatio n an d canno t therefor e b e
avoided b y merely insuring that the stee l
is not susceptible t o Intercrystalline corro-
sion in the conventional coppe r sulfat e or
nitric acid test.

(185) F . W . Emhardt , "Corrosion—Her e an d
There," Industrial an d Engineering Chem-
istry, Vol. 50, pp. 7 1 A, 72A (19.58).

General discussio n o f corrosio n an d
stress-corrosion problem s in chemical and
power plants. Some case histories.

(186) J . P . Fraser , G . G . Eldredge , an d R . S .
Treseder, "Laboratory an d Field Method s
for Quantitativ e Stud y o f Sulfid e Corro -
sion Cracking, " Corrosion,  Nat . Assn .
Corrosion Engrs., Vol. 14, p. 5l7t (1958).

Apparatus and quantitative procedure s
for sulfid e corrosio n crackin g test s hav e
been deveveloped . Statistica l technique s
of probi t analysi s hav e bee n adapte d fo r

use with cracking test dat a s o as to make
optimum use of minimum number of tests.
Analysis of laboratory data yields a num-
ber which is called the critical strain , S c.
This is the strain a t which the probabilit y
of failur e unde r specifi c tes t condition s
used i s on e half . Ver y susceptibl e steel s
have low Sc values whereas nonsusceptible
steels hav e high S e values . Critical strai n
is a function no t onl y of the allo y tested ,
but als o o f tes t environmen t and proce -
dure. I t i s lowere d by additio n o f acid s
and CO2 . Using alloys of varying Sc val -
ues, all tested at the same strain, the rela-
tive severit y o f an y give n tes t environ -
ment (fo r instance , flo w fro m sou r ga s
well) ca n b e measured . Analysis o f dat a
from fiel d test s yield s a  severit y rating ,
R,, whic h is the critical strai n o f an alloy
which woul d giv e 5 0 per cen t failure s i n
test. Hig h R s values ar e associated wit h
severe test conditions. The general method
may be adaptable t o other stress-corrosion
systems. Data ar e presented for 5-9 nickel
steel and 9-12 chromium steel but not 18- 8
steel, amon g others. Photo s sho w labora -
tory an d fiel d stress-corrosio n crackin g
specimen holders .

(187) G . E. Galonian , "Results of Stress-Corro-
sion Test s of Type 34 7 Stainless Stee l i n
500 F  p H 10-1 1 Lithiu m Hydroxide, "
KAPL-M-GEG-11, Ma y 2 , 1958 ; Corro-
sion, Nat . Assn . Corrosio n Engrs. , Vol .
15, No. 6, p . llOa , (1959) .

The result s o f stress-corrosio n test s of
type 34 7 stainless stee l i n 50 0 F, 10-1 1
pH lithiu m hydroxid e ar e described .
Stressed-bolt specimen s heate d t o 626 ,
665 an d 69 5 F  t o produc e boilin g wer e
exposed fo r 4 weeks to determine th e ex-
tent of corrosion to be expected. Also, tests
were mad e t o evaluat e corrosio n unde r
conditions o f leakage t o th e atmosphere .

(188) M . A. Golik and I. H. Welinsky, "Prelimi -
nary Evaluatio n o f the Crackin g Tenden-
cies o f Hardene d Typ e 41 0 Stainles s
Steel," (Incl. Min. of Meeting—Corrosion
Studies o n Hardene d AIS I 41 0 Steel) ;
WAPD-CTA(MEE)-421; Nuclear  Science
Abstracts (U . S . Atomic Energy Commis-
sion), Vol . 12 , p. 214 1 (1958) .

The current activities o n the investiga -
tion o f stress-corrosio n crackin g of hard -
ened type 410 stainless steel are reviewed .

(189) M . A . Golik , "Stress-Corrosio n Crackin g
of Typ e 41 0 Stainles s Steel-Miniatur e
Motor Tube Test Program," WAPD-CTA
(MEE) (1958) ; Nuclear  Science  Abstracts
(U. S . Atomic Energy Commission) , Vol.
12, p. 161 4 (1958) .

Stress-corrosion crackin g o f chrome -
plated, hardene d 41 0 stainless stee l tem -
pered a t 65 0 F in submarine reactor cool-
ing wate r wa s investigated . Difference s
between laboratory testing conditions and
actual service mak e i t necessar y t o rede-
sign a  ne w tes t specimen , whic h mor e
closely simulate s motor tub e geometry .

(190) Ludwi g Graf , "Stress-Corrosion, " Draht,
No. 9, pp. 383-399 (1958); Review  of Metal
Literature, Vol. 16, No. 1 , p. 4 4 (1959) .

Stress-corrosion sensitivit y o f supersat -
urated alloys with precipitation tendenc y
can be eliminated by heat treatment , pro-
vided th e allo y i s not corrosio n sensitiv e
in th e homogeneou s state o f saturation .
With unsupersaturate d homogeneou s al -
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loys, stres s corrosio n wa s observe d only
when the alloying components of the soli d
solution wer e considerably more negative
than the base metal . Ninetee n references .

(191) H . Grafen, "The Influence of Surface Lay-
ers o n Stress-Corrosio n i n Steel, " Archiv
Eisenhuttenwesen, Vol. 29 , p . 22 5 (1958) .

An investigation , usin g apparatus spe -
cially develope d by th e author , o f stres s
corrosion in steels, with particular empha-
sis o n th e rol e o f surfac e layer s suc h a s
oxide films. Supporting data ar e given on
plain, low-allo y nickel-chromium-molyb-
denum an d austeniti c steel s expose d t o
solutions containin g potassiu m dichro -
mate, nitrate , an d hah'd e additions .

(192) E . A . Gulbransen , "Ne w Way s t o Loo k
at Corrosio n Processes," Chemical  Engi-
neering Progress,  Vol . 54 , No . 11 , p . 6 0
(1958).

This paper include s a n electro n micro -
graph of the corrosio n product formed b y
stress-corrosion o f type 304 stainless steel
exposed a t 60 0 C (1112 F ) i n wet oxygen
plus a  trac e o f hydroge n chloride . Th e
corrosion produc t consist s o f platelet s of
chromic oxid e (CizQs),  whic h ar e singl e
crystals.

(193) Norma n Hackerman, Ray M . Kurd , and
Earl S . Snavely , "Ccrrosio n Rate s o f
Mild Stee l i n Aqueou s Ammoniu m Ni -
trate Solutions, " Corrosion,  Nat . Assn .
Corrosion Engrs., Vol. 14, p. 203 t (1958) .

(194) J . Halbi g an d O. B. Ellis , "Observation s
on Corrosion Resistance o f High Strength
Stainless Steel s fo r Aircraft, " Corrosion^
Nat. Assn . Corrosion Engrs., Vol. 14, No.
8, p. 389t (1958).

In th e discussio n o n the corrosio n per-
formance of Armco 17-7 PH an d P H 15- 7
molybdenum steels , stres s corrosio n i s
mentioned. Stresse d specimen s hav e no t
cracked in the mild industrial atmosphere
at Middletown , Ohio , bu t crackin g ha s
occurred in a marine atmosphere.

(195) J . G . Hines and T. P . Hoar, "Stress-Cor -
rosion Crackin g o f Austeniti c Stainles s
Steels Wit h Applie d EMF, " Journal  o f
Applied Chemistry,  No . 8 , p. 76 4 (1958) ;
Review o f Metal  Literature,  Vol. 16 , p . 4 7
(1959).

Behavior of chromium-nickel austenitic
stainless stee l in 42 per cent aqueous mag-
nesium chloride solution a t 15 0 to 15 4 C,
saturated with air, was studied under con-
ditions of cathodic or anodic treatment of
the meta l durin g th e inductio n perio d
prior to crack initiation an d during crack
propagation. Mil d cathodi c polarizatio n
delays the onse t of cracking and fracture ,
the tim e t o fractur e increasin g wit h in -
creasing degree of polarization.

(196) T . P. Hoar and J. G. Hines, "Proceeding s
of th e 8t h Meetin g o f th e Internationa l
Committee fo r Electrochemica l Thermo -
dynamics and Kinetics," Madrid , 1956, p.
273, Butterworths , London (1958).

(197) T . P. Hoar and J. M. West, "Mechanico -
chemical Anod e Solution, " Nature,  Vol .
181, p. 835 (1958).

(198) L . R . Honnaker , "Stainles s Steel s fo r
Corrosion Resistance," Chemical Engineer-
ing Progress,  Vol . 54 , No . 1 , pp . 79-8 2
(1958).

To realiz e optimu m performanc e o f
stainless steel equipment, attention is now
being directe d t o minimiz e failures tha t

result fro m pitting , crevic e corrosion ,
intergranular corrosion , stress-corrosio n
cracking an d relate d phenomen a where
general corrosion is actually slight. Causes
and mean s of avoiding such types o f fail -
. ures ar e discussed . Desig n feature s t
will insure free drainage , eas e o f cleaning
and eliminatio n o f crevice s wil l hel p t o
avoid pitting and crevice corrosion. Where
acidic conditions are to be handled above
ambient temperatures , consideratio n
should be given to the necessity and means
of avoiding intergranular corrosion.

(199) J . P . Hug o an d L . G . Nel , "Failur e o f
Type 316 Stainless Stee l Autoclave Com-
ponents," Corrosion,  Nat. Assn. Corrosion
Engrs., Vol . 14 , p. 553 t (1958) ; Vol . 15,
pp. 373t-381t (1959) .

An investigation int o the caus e o f fail-
ure o f a  numbe r o f typ e 31 6 autoclave
components that failed in service after ex-
tremely shor t operationa l lif e (3 8 t o 5 2
hr). The body and cove r of the autockve
in question were of monel while its coolin g
coil, thermowell, sampling tube, valve, and
associated fitting s wer e of type 316. Run s
were made with distilled wate r at 15 0 to
300 C  a t pressure s u p t o 130 0 psi ; on e
run wa s mad e with 1 0 per cen t sodiu m
hydroxide solution. Failur e o f these com-
ponents situated i n th e vapo r phase was
attributed t o stress-corrosio n cracking .
The activ e corroden t was probably chlo -
ride, while the stresses tha t initiated fail -
ure wer e predominantl y residual . Th e
components used suffere d som e degree of
cold working prior to installation. Failur e
was in no way due to excessive operatin g
temperatures o r pressures . Macro - an d
microphotographs ar e included .

(200) J . R . Hunter , "Applicatio n o f Type 410
Stainless Stee l i n Contro l Ro d Driv e
Mechanism Moto r Tube s an d Oute r
Housing," WAPD-CTA(ME)-250 (OTS) ;
Nuclear Science  Abstracts  (U . S . Atomic
Energy Commission) , Vol . 12 , p . 156 8
(1958).

Results o f laboratory testin g o f stress -
corrosion crackin g properties o f type 410
stainless steel are presented. This material
was evaluated for control rod drive mech-
anism moto r tube s an d oute r housing .

(201) K . W . Le u an d J . N . Helle , "O n th e
Mechanism of Stress Corrosion of Austen-
itic Stainless Steels in Hot Aqueous Chlo-
ride Solutions, " Corrosion,  Nat . Assn .
Corrosion Engrs. , Vol . 14 , No. 5 , p . 5 9
(1958) (p . 249t).

An investigatio n o f th e mechanis m o f
transcrystalline stres s corrosion of austen-
itic stainless steels (18-8 and 25-20) in hot
aqueous chlorid e solution s show s thi s
phenomenon i s a  proces s alternatin g be-
tween corrosion and mechanica l cracking .
Sharp-edged pit s forme d b y corrosiv e
attack initiat e and propagate mechanica l
cracking, whic h is o f brittle nature . Pit s
act as stress-raisers t o produce notch brit-
tleness i n material s involved . A t lo w
stresses only long pits at slipband s initiate
cracking while at hig h stresses smal l pits
at slipband s o r grai n boundarie s ma y
cause it. The investigation proves also that
initial corrosive attack depends principally
on the physica l and chemica l behavior of
the passivating film already on the steel or
formed durin g exposur e t o th e environ -

ment, and only to a minor degree on metal
structure. I f th e typ e o f initial corrosio n
is changed by comparatively small altera -
tions in compositio n o f the corrosiv e me -
dium, stres s corrosion is either prevented
or accelerated . Test s illustratin g thi s ar e
discussed.

(202) E . A. Livingstone, "The Atomic Age Chal-
lenge to Steel," Journal o f Metals,  Vol. 10,
p. Ill (1958) .

This pape r includes the statement tha t
stress-corrosion crackin g difficultie s in -
duced by chlorides carried into the system
on improperl y cleane d stainles s stee l
recently cause d a  setbac k o f one year on
the experimenta l homogeneou s reacto r
program. The proble m o f stress-corrosio n
cracking may be overcome by use of type
430 (1 5 chromium- 1 nickel) ; anothe r
possibility lies in vacuum-melted stainless
steel with extremel y lo w carbon an d ni -
trogen.

(203) H . L. Logan, "Studie s of Stress-Corrosio n
Cracking o f Austeniti c Stainles s Steel, "
Welding Journal,  Am. Welding Soc., Vol.
37, No. 10, p. 463s (1958) .

Stress-corrosion crackin g o f typ e 30 4
stainless stee l wa s produced by stressin g
sheet tension specimens to room tempera-
ture yield strength in boiling 0.5 N sodium
chloride, 0. 1 N  sodiu m nitrit e aqueou s
solution. Accelerate d cracking o f stressed
specimens i s accomplishe d b y makin g
them anodes with applied external current
density o f 0.0 3 t o 1. 0 m a pe r s q cm .
Cathodic current densities o f 0.04 ma per
sq cm or more protected materia l agains t
stress-corrosion cracking . Materia l
stressed t o room-temperatur e yiel d
strength in boilin g solutio n continue d t o
extend plastically (bu t nonuniformly ) fo r
at least 1  hr after load was applied. Mac -
roscopic evidence of corrosion of type 304L
specimens, immersed unstressed i n normal
solutions of boiling ferrous chloride , ferric
chloride, ferrous chloride plus hydrochloric
acid, nickel chloride, chromic chloride, and
manganous chloride , wa s foun d onl y i n
those expose d in ferri c chlorid e solution s
with a  pH o f < 5 an d in ferrou s chloride
plus hydrochlori c acid with a  pH o f 1.3 .
It i s postulate d tha t stress-corrosio n
cracking is electrochemical in its inception
and i n part , a t least , i n it s propagation .
Sporadic but repeate d creep of material in
certain favorabl y oriente d region s rup -
tures th e protective film in narrow areas,
normal t o applie d stress . Th e film-free
area i s a small anode; the cathode are a is
very large and corrosion is rapid until film
re-forms. This eventually produce s condi -
tion o f stres s concentration , norma l t o
applied stres s tha t play s a n importan t
part i n propagatio n o f stress-corrosio n
cracking. Graphs .

(204) T . Marshall , "Stress Corrosion of Austen-
itic Stainless Stee l in Geothermal Steam,"
Corrosion, Nat . Assn . Corrosio n Engrs. ,
Vol. 14 , No. 3, p. 59 (1958) (p . 195t) .

Stress - corrosion test s o n austeniti c
stainless steel s wer e conducte d i n geo -
thermal stea m contaminate d wit h chlo -
rides, hydroge n sulfide , carbo n dioxide ,
etc., under the following steam conditions:
(1) Air-fre e stea m superheate d a t 15 0 C,
and (2 ) steam superheated and aerated a t
150 C. Stress-corrosio n cracking occurred
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readily in the aerated, superheated steam ,
but di d no t occu r a t al l i n th e air-free ,
superheated steam. These tes t result s pro-
vide experimenta l confirmatio n o f Hoa r
and Hines ' theor y tha t th e cathodi c de -
polarizing actio n o f oxygen is essential t o
the stress-corrosio n mechanism. For com-
parison purpose s corrosion-rate data, an d
stress-corrosion data on other alloys in the
steam ar e given . Factor s controllin g th e
stress corrosion o f austeniti c stainles s
steel in geothermal steam are discussed.

(205) P . S . Otten , "Ho w Tube s Compar e for
Nuclear Reactor Boilers," Power, Vol. 102,
No. 1 , pp . 80 , 176 , 178 , 180 ; No . 2 , p .
80 (1958).

This paper discusses the choice of fabri-
cated material s fo r stea m generator s
heated b y gas-cooled reactor s and experi-
ences wit h waste-ga s heate d boiler s i n
industrial applications . Primar y coolan t
gases usually use d in reactors do not cor -
rode most metals, even at fairl y high tem-
peratures. A t above 840 F and high pres -
sures, hydrogen gradually combine s with
carbon i n stee l t o for m methane , making
steel unsatisfactory as a container. Above
1020 F  thi s proces s accelerate s rapidly .
Nitrogen nitrides and embrittles steel and
alloy steels above 1000 F. Steam and water
at high temperatures can seriously corrode
metals unles s carefull y treate d t o reduce
oxygen content. Chloride and oxygen must
be kept a t a n absolut e minimu m to pre -
vent chloride stress corrosion of austenitic
stainless materials . Type 316 stainless and
Inconel hav e excellen t elevate d cree p
properties fo r parts exposed t o ga s only .
They can be used in final-stage superheat-
ing u p t o 90 0 F. Design s describe d ar e
based o n us e o f carbo n stee l fo r metal s
below 80 0 F, an d 1 \ C r -1 M o for tem-
peratures u p t o 110 0 F. Austeniti c stain-
less stee l an d Incone l ar e considere d be -
tween 100 0 and 150 0 F.

(206) H . W. Paxton, R . D. Leggett, and R. H.
Reed, "Stress-Corrosio n Crackin g o f
Single Crystal s o f Stainles s Steel, " Pre -
print, Am . Inst . Mining , Metallurgical ,
Petroleum Engrs. , Conference , (1958) .

Single crystals o f austenitic steel s with
approximate compositio n 1 8 chromium-
8 nickel and 2 0 chromium-2 0 nickel an d
of a  ferriti c stee l containin g 2 0 per cen t
chromium hav e been grown . Single crys-
tals wer e stresse d i n tensio n i n boilin g
magnesium chloride . Th e ai m o f th e ex -
periments wa s t o tr y t o distinguis h be -
tween th e variou s propose d theorie s o f
stress corrosio n b y utilizin g th e specia l
advantage of single crystals .

(207) E . H . Phelps , "Stress-Corrosio n i n Met -
als," Product  Engineering,  Vol. 29, No. 31,
p. 56 (1958).

A discussio n o f stres s level , chemica l
environment, and tim e of exposure as th e
three elements involved in stress-corrosion
cracking. The author describes intergranu-
lar an d transgranula r type s o f stress-cor-
rosion an d enumerate s desig n counter -
measures. Thes e includ e selectio n o f
material, avoidin g built-i n crevice s an d
conditions leading to pitting, use of stress
relief, avoidanc e o f high therma l stresse s
in service , contro l o f chemica l environ -
ment, use of shotpeening o r cathodic pro -
tection i n difficul t applications , an d

avoidance o f careles s handlin g o f work -
hardenable metals. The table lists harmfu l
environments fo r austeniti c stainles s
steels, brass , aluminum-magnesium , steel,
and manganese-aluminum.

(208) J . H . Phillip s and W . J. Singley , "Chlo -
ride Stress-Corrosion Inhibito r Program, "
Corrosion, Nat . Assn . Corrosio n Engrs. ,
Vol. 14 , No. 9, p. 7 9 (1958) (Abstract) .

A serie s o f screening tests wa s ru n i n
tilting autoclave s t o evaluat e th e per -
formance o f selecte d potentia l inhibitor s
in preventin g chlorid e stress-corrosio n
attack o f typ e 34 7 austeniti c stainles s
steel i n alkaline-phosphat e boile r wate r
containing 5 0 o r 50 0 ppm chloride . Th e
tests were conducted a t a  temperature of
500 F  an d saturatio n pressure . O n th e
basis of the screening test results , a  num-
ber o f the mor e promising inhibitors wa s
tested furthe r t o evaluat e concentratio n
effects. O f th e chemical s tested , nitrat e
appears t o b e a satisfactor y inhibito r fo r
boiler application . Sodiu m sulfit e als o
effectively prevent s chlorid e stress-corro -
sion crackin g by scavengin g oxygen.

(209) L . E . Phillips , "Autoclav e Testin g o f
Type 30 4 Stainles s Steel, " Th e Marti n
Company, MND-E-1322 (1958) .

U-bend tes t specimen s wer e subjecte d
to corrosiv e wate r i n rocke r autoclaves ,
both i n th e vapo r an d th e wate r phases .
It wa s found tha t oxyge n and chloride s
were th e onl y variable s contributin g t o
the cracking. Results indicate tha t a high
oxygen leve l wil l no t allo w crackin g a t
lower chloride levels and conversely . The
minimum oxyge n level inducing crackin g
was 4  pe r cent . Oxid e film formation o n
the stee l ma y b e sufficien t t o induc e cor-
rosion cracking , even in lo w oxygen con-
centrations. Sinc e a surprisingly high con-
centration o f oxyge n wa s necessar y t o
cause cracking , i t i s suggested that , with
adequate deaeration , untreate d wate r
may b e used safel y in boilers.

(210) F . J. Poss, "What You Can Do to Reduce
Stress-Corrosion," Chemical  Engineering,
Vol. 15 , p. 140 (1958).

To reduc e stres s corrosio n o f stainles s
steel in plants established desig n practices
for high temperature equipment should be
followed (pipin g stres s analysis) ; dea d
ends or traps should be avoided or periodi-
cally flushed ; careles s handlin g o f part s
should b e avoided t o prevent work-hard-
ening; cleaning agent s tha t coul d be em-
ployed as pickling solutions should not be
used; heating and coolin g of stainless sec-
tions should be done gradually t o prevent
the creatio n o f therma l stresses ; laggin g
should be kept on high temperatur e line s
and fittings, and they should be kept dry .

(211) V . V. Romanov and V . V. Dobrolyubov,
"Effect o f Cathodic an d Anodi c Polariza -
tion o n th e Rat e o f Stress-Corrosio n o f
Austenitic Stainles s Steel, " Metallovedenie
i Obrabotka  Metallov,  No . 7, p. 1 9 (1958) .

Cathodic and anodic polarization curves
for th e stres s corrosio n o f a n 18- 9 chro -
mium-nickel stee l i n boilin g 4 2 pe r cen t
magnesium chlorid e wer e plotted . A n
effect o f polarization o n the natur e of th e
corrosion cracks was established b y metal-
lography. A n explanation i s give n o f th e
shape of the cathodic and anodic polariza-
tion curves from th e polarization diagra m

for stres s corrosio n an d b y th e observa -
tions o n th e effec t o f polarization o n th e
shape o f the cracks . Photomicrographs .

(212) A . V. Riabchenkov and E. L. Kasimirovs-
kaya, "Fatigu e Strengt h o f Austeniti c
Steels Exposed to Corrosive Cases at Hig h
Temperatures," Metallovedenie  i  Obra-
botka Metallov,  p . 6  (1958) ; Brutche r
Translation No . 4164.

Study o f the effec t o f high-temperature
gas corrosio n o n th e enduranc e limi t o f
gas turbine blade materials. Data on scal-
ing behavio r and enduranc e limits of two
austenitic stainless steel s in dr y ai r con -
taining variou s amounts of sulfur dioxid e
and i n ai r containin g sulfu r dioxid e an d
water vapor , a t 65 0 C.

(213) A . V. Riabchenkov, et al , "Microelectro -
chemical Metho d fo r th e Stud y o f th e
Corrosion unde r Stres s o f Metals, " Za -
vodskaya Laboratoriya,  Vol. 24, pp. 167-178
(1958); Nuclear  Science  Abstracts  (U . S .
Atomic Energy Commission), Vol. 13, No.
10, p. 121 6 (1959).

A description i s given of an installation
designed fo r th e electrochemica l study of
localized region s o f a  meta l subjecte d
simultaneously to a corrosive medium and
a tensil e stress . Th e stres s corrosio n of
cast iro n an d severa l steel s wa s investi-
gated i n 0.0 1 N  HC 1 solutions wit h 0.0 9
per cent H2O2, and the electrode potential
was measured . Th e result s sho w tha t
static stresses displace the electrode poten-
tial o f stee l t o mor e negative values . I t
was establishe d tha t th e potentia l o f th e
gram boundary is more negative than th e
potential of the grain body.

(214) L . R . Scharfstei n an d W . F . Brindley ,
"Chloride Stres s Corrosio n Crackin g of
Austenitic Stainles s Stee l Effec t o f Tem -
perature an d pH, " Pape r presente d be -
fore Nat . Assn . Corrosio n Engrs., Four -
teenth Annual Conference, Sa n Francisco ,
Calif., Marc h 17-21 , 1958 . Abstracte d i n
Corrosion, Nat . Assn . Corrosio n Engrs. ,
Vol. 14 , No. 1 , p. 10 7 (1958).

Overstressed U-bends of types 30 4 an d
347 stainless steels wer e exposed to water
containing 5  to 55 0 ppm chlorid e ion a t
temperatures o f 165, 185 , 200, and 50 0 F.
The p H wa s controlled a t 6. 5 to 7. 5 and
10.6 t o 11.2 . Examinatio n o f specimen s
was mad e t o ascertai n th e initiatio n of
cracks. A t hig h pH , crack s appeare d a t
the edge s with littl e evidenc e of pitting ;
at the neutral pH, cracks were found both
at edge s and associated wit h pits. Oxygen
content o f th e wate r wa s a n importan t
variable, especially in its effec t i n acceler-
ating pittin g o f stainless steel . Sensitize d
type 30 4 stainless stee l ha d longe r an d
deeper cracks than annealed types 304 and
347 i n th e sam e exposur e time . Wher e
boiling or alternate wetting-and-dryin g of
the stainless steel U-bend s did not occur ,
chloride stress-corrosio n crackin g o f th e
U-bends was prevented by alkaline phos -
phate treatment .

(215) L . E . Scharfstei n an d W . F . Brindley ,
"Chloride Stress-Corrosio n Crackin g o f
Austenitic Stainless Steel—Effec t o f Tem-
perature an d pH, " Corrosion,  Nat . Assn .
Corrosion Engrs. , Vol . 14, p. 588 t (1958) .

Overstressed U-bend s o f 30 4 an d 34 7
stainless steel s wer e expose d t o wate r
containing chlorid e ions to determin e the
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susceptibility o f thos e steel s t o stress -
corrosion crackin g betwee n 16 5 and 20 0
F; p H wa s controlle d a t 6. 5 t o 7. 5 and
10.6 to 11. 2 fo r the tests . At the hig h p H
crack appeare d a t th e edges , wit h littl e
evidence o f pitting . A t th e neutra l p H
cracks were found a t th e edge s and asso -
ciated with pits. It i s concluded that chlo-
ride stress-corrosio n crackin g i n th e tes t
range is less severe than at 50 0 F. Specifi c
conditions are required.

(216) G . Shinoda , T . Sano , an d T . Kawasaki ,
"Corrosion Characteristic s an d Chang e in
Mechanical Properties of Some Austenitic
Stainless Steel s in Urany l Salt Solution, "
Journal, Japan Inst. Metals, Vol. 22, No.
10, p. 500 (1958).

In thi s pape r i t i s mentioned tha t th e
effect o f mechanical stress on the corrosion
resistance was investigated by autoradiog-
raphy o f the corrode d specimens. Resist -
ance to stress corrosion of the 316L speci-
mens containing molybdenum and copper
was inferio r t o tha t o f the specime n con-
taining cblumbium . Corrosio n resistanc e
of columbiu m stainles s stee l seeme d
scarcely to be influenced by applied stress .

(217) V . P . Sidoro v an d A . V . Riabchenkov ,
"Stress-Corrosion Crackin g o f Austeniti c
Steels a t Hig h Temperature s an d Pres -
sures," Metallovedenie  i  Obrabotka  Metal-
lov, No. 6 , p. 2 5 (1958); Brutcher , Trans -
lation No. 4250.

Description o f a ne w method o f testing
austenitic steel s fo r long-tim e corrosion -
resistance i n aqueou s solution s a t hig h
temperatures an d pressures . Thre e aus -
tenitic steels were investigated, containin g
10 to 1 5 per cen t nicke l and 1 4 to 1 8 per
cent chromiu m wit h smal l amount s o f
other elements . All three steels wer e sub-
ject to stress-corrosion cracking in alkaline
solutions, wit h mainl y transcrystallin e
fracture. I n distille d water at 10 0 C with
access o f oxygen only 15-1 5 stee l wa s at -
tacked. N o stress-corrosio n crackin g oc -
curred i n distille d wate r a t 30 0 C  an d
restricted oxyge n supply, o r i n solution s
of sodiu m chloride , trisodium phosphate ,
disodium phosphate , sodiu m sulfate , an d
sodium sulfit e i n absenc e o r a  limite d
supply o f oxygen. Critical concentration s
of alkalin e solution s depen d o n tempera -
ture and pressure . Stress-corrosio n crack -
ing inhibitin g effec t o f sodiu m chlorid e
additions to alkaline solutions was studied.
The exponentia l characte r o f curve s o f
time-to-rupture versus  absolut e tempera -
ture o f alkalin e solution s i s discussed .
Heat treatmen t ha s n o direc t effec t o n
tendency t o stress-corrosio n crackin g bu t
may preven t i t b y eliminatin g interna l
stresses.

(218) P . P . Snowden , "Intercrystallin e Stress -
Corrosion Cracking of Austentic Stainles s
Steel in Caustic Solutions," Chemistry  and
Industry, No . 51 , p. 169 2 (1958) .

Very rapi d stress-corrosio n attac k o f
austenitic stainles s steel s ca n occu r with
caustic solutions as dilute as 1 per cent by
weight. Attac k take s th e for m o f inter -
crystalline cracking which can cause frac -
ture o f specimens stressed t o 1 0 tons pe r
sq hi. in a few hours at 30 0 C. Intercrys -
talline crackin g wa s observe d fo r bot h
potassium hydroxid e and sodiu m hydrox-
ide. I n hig h pressur e steam , however ,

potassium hydroxid e contaminated speci -
mens sho w intercrystalline cracking . Ad-
dition of sodium silicate to sodium hydrox-
ide contaminatin g th e specime n exposed
to hig h stea m pressure s cause s cracking
to become wholly intercrystalline. Reduc-
tion of any o f three main variables, stress ,
concentration, an d temperature , reduces
rate o f attack bu t complet e freedom fro m
attack canno t be achieved without reduc-
tion of all three .

(219) R . W . Staehle , F . H . Beck , an d M . G .
Fontana, "Mechanis m o f Stress-Corrosion
of Austeniti c Stainles s Steel s i n Hig h
Temperature Chlorid e Waters, " Ohi o
State Universit y Researc h Foundation ,
Technical Repor t No . 2  (1958) . Also see:
Corrosion, Nat.  Assn . Corrosio n Engrs. ,
Vol. 15 , No. 7 , p. 373 t (1959) .

Stress-corrosion crackin g o f austeniti c
stainless steel s was studied under various
conditions o f stress , chlorid e concentra-
tion, complet e immersio n o f specimens ,
intermittent wetting and drying, and pres-
ence o f oxygen . Stress-corrosion crackin g
will occur at stresse s as low as 2000 psi a t
50 ppm NaCl . A three-dimensional analy-
sis o f stress-corrosio n crack s wa s mad e
and a  mechanism of cracking proposed.

(220) H . H. Uhlig and J. Lincoln, Jr., "Chemica l
Factors Affectin g Stress-Corrosio n Crack-
ing o f 18- 8 Stainles s Steels, " Journal,
Electrochemical Soc., Vol. 105, pp. 325-332
(1958).

Transgranular stress-corrosio n crackin g
of 18- 8 typ e 30 4 specimens i n boilin g 42
per cen t magnesiu m chloride does not de -
pend o n rate of stressing (les s than 1  sec
to 1 0 min) nor o n small variations i n de -
gree o f plasti c deformation . Cold-worked
specimens fai l i n shorte r time s tha n an -
nealed, sheare d specimens . Additio n o f
hydrochloric aci d t o magnesiu m chloride
decreases crackin g tim e wherea s additio n
of sodiu m hydroxid e increase s th e time .
Pre-exposure o f unstresse d specimen s t o
magnesium chlorid e slightl y decrease s
cracking times of the same specimens sub-
sequently stressed . Crack s occu r alon g
sheared edge s of unstressed specimen s de-
spite stress relief anneal a t 37 5 C for 2 hr.

Cracks propagat e alon g sheare d edge s
of U-ben d specimen s a t 0. 5 t o 1  cm per
hr throug h tha t portio n o f th e specime n
cross-section i n tension , th e rat e bein g
much slower through the remaining cross-
section. N o inductio n tim e fo r crack s t o
initiate was observed.

Sizeable pits are not necessary for crack-
ing in magnesium chlorid e but appea r t o
be essential in media like sodium chlorid e
which in absence o f pitting is not particu -
larly activ e in causin g cracking . Th e pit -
ting mechanis m produce s concentrate d
low pH meta l chloride s (fo r example, fer-
rous chloride ) withi n th e pit , whic h lik e
magnesium chlorid e caus e immediat e
cracking. Oxyge n i s require d fo r pittin g
of 18- 8 stee l b y sodiu m chloride solution s
as shown by Uhlig and Morrill , and hence
also fo r stress-corrosio n crackin g a s ob -
served by Williams and Eckel, but oxygen
is not necessar y i n magnesium chloride or
ferrous chloride.

Cracking can be prevented b y cathodi c
protection a t a  curren t densit y o f 0.0 3
ma pe r s q c m o r higher . Anodi c current

density u p t o 0.0 1 m a pe r s q c m were
found t o have no effec t o n cracking tend-
ency, nor did coupling of 18-8 stee l to plat-
inum.

(221) J . N . Wanklyn and D. Jones, "The Inter -
crystalline Corrosio n of Stainles s Stee l in
Alkaline Solutions," Chemistry  an d Indus-
try, No . 28 , pp. 888 , 88 9 (1958) .

Stainless steels , 18-8 , stabilize d wit h
either columbiu m o r titaniu m wer e ex -
posed a s heat-transfe r specimens to boil -
ing potassium hydroxide solutions at a pH
of 1 1 at 28 0 C (53 6 F). Whe n stressed t o
20,000 ps i the y di d no t crack . Whe n
formed into specimens with crevices allow-
ing concentratio n o f th e caustic , the y
cracked intergranularl y withi n 20 0 hr .
Sealed tubes containing 10, 25, and 5 0 per
cent potassium hydroxide placed in a fur-
nace at 32 5 C (617 F) and stressed by th e
steam pressur e failed withi n 200 hr b y a
combination of trans- and intercrystalline
cracking.

(222) "Homogeneou s Reactor Project Quarterly
Progress Report, " Atomi c Energ y Com -
mission ORNL-265 4 (1958) ; Nuclear
Science Abstracts  (U . S. , Atomi c Energ y
Commission). Vol . 13 , No . 9 , p . 112 0
(1959).

The effec t o f cold work an d hea t treat -
ment o n corrosio n resistance o f typ e 34 7
stainless steel was investigated. Phosphat e
and fluoride ions partially inhibited stress-
corrosion crackin g o f 34 7 stainles s stee l
in chloride-containing water at 200 C. The
effect o f UO2 2+ o n stress-corrosio n crack -
ing o f 34 7 stainles s stee l i n chloride-con-
taining UO2SO 4 solution s wa s studied .
Various treatment s t o preven t crackin g
of wrought type 347 stainless steel U-bend
specimens i n chloride - an d oxygen-con -
taining wate r a t 30 0 C wer e tried . Cas t
347 steel shows no crackin g i n MgCl a o r
in chloride-containing water .

1959
(223) R . Benes , F . J . Holsinger , an d R . E .

Pierson, "Corrosion in the Corn Wet Mill-
ing Industry," Corrosion,  Nat. Assn . Cor-
rosion Engrs. , Vol . 15 , p. 113 t (1959) .

Stress-corrosion crackin g o f typ e 31 6
evaporator tube s i s mentioned in connec-
tion with sugar and corn syrup production.

(224) H . R . Copson , "Effec t o f Composition of
Stress-Corrosion Cracking of Some Alloys
Containing Nickel, " Physical Metallurg y
of Stress-Corrosio n Fractur e (T . N .
Rhodin), Metallurgical Societ y of AIME,
Metallurgical Societ y Conferences, Vol. 4,
Interscience Publishers , Inc. , Ne w York,
N. Y. (1959) .

A series of alloys was prepared with th e
nickel conten t rangin g fro m 8  t o 8 0 per
cent wit h th e cromiu m held a t 1 6 to 2 0
per cen t an d wit h the balanc e essentiall y
iron. These were drawn to wire, loaded in
tension, expose d t o boilin g 4 2 pe r cen t
magnesium chloride solution and the tim e
to cracking observed. The specimens with
8 pe r cen t nicke l brok e withi n a n hour .
The tim e t o crackin g increase s rapidl y
with nicke l content an d alloy s with more
than 45 to 5 0 per cen t nicke l seemed im-
mune t o cracking . (Als o Reference (244) )

(225) C . Edeleanu , "Propagation o f Stress-Cor -
rosion Cracks, " Physica l Metallurg y o f
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Stress-Corrosion Fracture (T . N. Rhodin),
Metallurgical Society of AIME, Metallur-
gical Societ y Conferences , Vol. 4 , Inter -
science Publishers, Inc., New York, N. Y.
(1959).

The mechanis m o f stress-corrosio n
cracking is assumed t o be broadly similar
in all cases and that there are only differ -
ences i n detai l fro m cas e t o case . Thi s
paper support s th e vie w tha t th e crack s
. progress i n short brittl e bursts in the cas e
of alpha brass in ammonia, and it is postu-
lated tha t th e functio n o f corrosion is t o
assist i n th e initiatio n o f brittle fractur e
and not t o cause appreciable penetration .

(226) J . P . Engle , G . L . Floyd , an d R . B .
Rosene, "Chlorid e Stress-Corrosio n
Cracking o f th e Austeniti c Stainles s
Steels," NACE Technical Committee Re-
port 59-5; Corrosion, Nat. Assn. Corrosion
Engrs., Vol. 15 , p. 69 t (1959) .

The active-passive characteristics of the
alloys play an important role which prob-
ably has not been understood previously .
A number of factors, acting together, must
be presen t t o produc e cracking . Indica -
tions are that crackin g occur s in neutra l
chloride solution s whe n passivit y i s de -
stroyed a t localize d area s o f film-break -
down. If the entire surface is activated, as
in th e presenc e o f hydrochlori c acid, n o
cracking results. Figures.

(227) J . E . Finsen , "Controllin g Corrosio n in a
Modern Magnesia-Bas e Sulfit e Mill, "
TAPPI, Tech . Assn . Pul p an d Pape r
Inst., Vol . 42, p . 10 4 (1959) .

It i s mentione d tha t stress-corrosio n
cracking occurred in acid and liquo r pip -
ing wher e frequen t abrup t temperatur e
changes occur, and in locations wher e hy-
draulic pulsations set up vibration in pip-
ing; at presen t stress i s the onl y variable
that can be controlled i f chlorides canno t
be eliminated.

(228) J . G . Hines an d R . W. Hugill, "Metallo -
graphic an d Crystallographi c Examina -
tion o f Stress-Corrosio n Crack s i n Aus -
tenitic Cr-N i Steels, " Paper b y Imperia l
Chemical Industries Ltd., England (1959).
19pp.

Stress-corrosion crack s h i austeniti c
chromium-nickel stee l wire s hav e bee n
examined a t differen t stage s o f thei r de -
velopment using various techniques . It i s
found tha t crac k development can be di-
vided int o tw o stages : th e formatio n of
fine cracks whic h sprea d sideway s faste r
than the y penetrat e int o th e material ;
and th e formatio n o f large r ope n crack s
which are extensively branched and which
form fro m fin e crack s afte r yieldin g ha s
begun ahead of the crack .

(229) W . W . Kirk , F . H . Beck , an d M . G .
Fontana, "Stress-Corrosio n Crackin g o f
Austenitic Stainles s Steel s i n Hig h Tem -
perature Chlorid e Waters, " Physica l
Metallurgy o f Stress-Corrosio n Fractur e
(T. N . Rhodin) , Metallurgical Societ y of
AIME, Metallurgica l Societ y Confer -
ences, Vol . 4 , Interscienc e Publishers ,
Inc., New York, N. Y. (1959) .

Stress-corrosion crackin g o f austeniti c
stainless steel s was studied unde r various
conditions o f stress , chlorid e concentra -
tion, temperature , time , and intermitten t
wetting and drying of the specimen. Spec-
imens of types 347, 316, and 30 4 stainless

steel will crack at stres s as low as 2000 psi
at 5 0 ppm NaCl . Reduce d temperatures
increase th e tim e necessary fo r the onse t
of crackin g bu t hav e n o effec t o n th e
stress necessar y t o produc e cracking . A
proposed mechanis m o f stress-corrosio n
cracking i s based o n periodic progression
of a  crack plus the contribution s o f stress
and electrochemica l dissolutions .

(230) R . E . Lochen and E . R . Miller , "Resist -
ance t o Stress-Corrosio n o f 1 2 per cen t
Chromium Stainless Steel," Industrial En -
gineering Chemistry,  Vol. 51, p. 763 (1959).

Stress-corrosion test s o f 1 2 pe r cen t
chromium stainles s stee l (type s 403, 422)
were made in 0.5 per cent acetic aci d sat -
urated wit h hydroge n sulfide . Fo r th e
materials tested , resistanc e t o stres s cor -
rosion increased with increasing temperin g
temperature ove r 100 0 F, addition s o f
secondary alloying elements (0. 5 per cen t
molybdenum instea d o f 0.05 per cent ; 1
per cent molybdenum, 1 per cent tungsten,
0.2 pe r cen t vanadium , 0. 8 pe r cen t
nickel), decreas e i n hardness , vapor -
blasted rathe r tha n as-groun d finish.

(231) R . L. McGlasson an d W. D. Greathouse ,
"Stress-Corrosion Cracking of Oil Country
Tubular Goods, " Corrosion,  Nat . Assn .
Corrosion Engrs. , Vol . 15, p. 8 8 (1959).

A brie f revie w o f th e genera l problem
is given with a consideration oLhydroge n
embrittlement. A list i s presents o f ma-
terial-environment combinations resulting
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Forty references.

(243) "Stress-Corrosio n Fracture, " Note s fro m
papers presente d a t a  Technica l Confer -
ence o n Physica l Metallurg y o f Stress -
Corrosion Fracture , Am . Inst . Mining ,
Metallurgical, an d Petroleu m Engrs. ,
(1959); Metal  Progress,  Vol . 75 , No . 6 ,
pp. 143-144 , 149A , 150 , 152 , 154 , 15 6
(1959).

Concise digests o f 14 papers.
(244) M . B . Straus s an d M . C . Bloom , "Th e

Cracking o f Lo w Carbo n Stee l Durin g
Heating with Aqueous Slurries of Gamma
Ferrous Hydroxide, " Journal,  Electro -
chemical Society. (In preparation.)

(245) A . J. Forty and H. Y. Willis, "Crack For -
mation in Ductile Crystals and Its Bearin g
on Stres s Corrosion, " Physica l Metal -
lurgy o f Stress Corrosion Fracture. Inter -
science Publishers Inc., Ne w York, N. Y .
(In preparation.)




