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SI Conversion Units

In view of present accepted pi act ice in this technological area. t. ~~ . customary units of
measurement have been used throughout this report . It should lie noted that the I. . S. is a signatory
to the General Conference on Wei ghts and Measti res which gave official status to the metric SI
system of SI units in 1960. Readers interested in making use of the coherent system Guide. ASTM
Designat ion E 380—76 (available from American Society for Test ing and Materials . 1916 Race Street .
Philadelphia, Pennsylvania 19103). Conversion factors for units used in this paper are:

Length
1 in = 0.0254* meter
1 ft = 0.3048* meter

Area
I in2 = 6.4516* x 10~ meter 2
1 ft 2 = 9.2903 x 10~ meter2

Force
1 lb (lbf) = 4.448 newton
1 kip 4448 newton

Pressure, Stress
1 psi = 6895 pascal
I psf = 47.88 pascal

Energy
I ft-lbf = 1.3558 joule

Moment
1 Ibf-ft = 1.3558 newton meterV

l’em peratu re
t 1 = 5/9 t~~— 32t
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FOREWORD

An important responsibility of the. ~~ational Bureau of Standards is the dissemination of
information to the engineering public. Such information becomes especially significant when it
helps prevent t he failure of materials and thereby saves both lives and money. It is thus especially
gratifying t hat NBS has been given the opportunity to contribute towards diminishing the incidence
of stress corrosion cracking, an increasingly serious mode by which metals fail, by publishing this
monograph. Dr. B. Floyd Brown, its author and a former guest worker at NBS, has provided an
invaluable tool to the design engineer to help him in the proper selection of materials in order to
minimize the danger of fracture by stress corrosion. Dr. Brown calls this a “missionary volume”
because its aim is to inculcate the fear of stress corrosion into those who in the past have not always
been aware of its possibility.

This long needed work would not have been possible without the support provided by t he
Advanced Research Projects Agency through the Office of Naval Research.

We are also grateful to American University for providing Dr. Brown with the opportunity to
write this monograph.

Jerome Kruger
Chief. Corrosion and Electro-

disposit ion Section
National Bureau of Standards
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PREFACE

This present volume Is t he f i rst  III a Iwo part si- ru ’s on str ,’ —~ ( l i l fosio li c rack ing planned h~ t h e
— Ad -. anced Research l’rojects A genc~ f or the dt ’s igrirr. l h t i s  fir s t pail is introductory iii itat Ure . I—

largely 11011 quanti tat ive , covers oti l~ the major allo~ l’aiii ilies. and trea t~ otd~ ~tr es s corros ion
(‘racking. The second part , t’urrenth be ing wri t ten tinder the direction of l’rid’es,.or H. ~ . ~ taehle of
the Ohio State IJ niversi t y and Dr. M. 0. Speidel of Brown Bov eri Co., will be an advanced treatment.
w ill be quantitat ive , w ill cover all alloy families , and w ill treat both str ess corrosion (‘racking and
corrosion fat igue.

Stress corrosion cracking is a failure mode which has occurred wi t h  increasing freqt iency in
both t he military and the civilian sectors as our technolog ical way 0f life has increased in comp lexity.
Research m the problem has hri itight in tie Ii ti e Is u tit le rst andi ng in recent ears . but the t bet t ry has
not been brought to the point of enabling us to avoid or contro l the problem, and there is no basis for
confidence that it will do so in the near fut tir e.

Meanwhile, if ~~~~
. aie to reverse the trend and diminish the incidence of s t r ess corrosion

failures , we need to assemble the ava ilable practical mea~ ures to avo id or minimize the problem and
present t h ese measures in a form compre hiensi lde to those petso lls responsible for tile desi gn.
fabrication and maintenance of new structt i res. T u e assembly of th ese measures and that sort of
presentation are the a ims of the present volume. Needless to sa y ,  in an~ dynam ic technology such
as stress (‘orrosion c racking, any such assembly w ill require supp lementation and modification as
otir knowledge and understan(Iing of t h at subject inc rease .

It should be emp has ized that neither t h e  theory nor the tec h nology of s t r es s corrosion cracking
is either comp lete or probabl y w ithout flaw, and wi ’ are ss itho ut the capabi l i ty  of pred ict ing
accurately the c racking hazards or lack thereof for ftindanientall new (t mh ) inat io ns of ’ alloys and
env ironments . If one is concerned wit h compon ents or strt ictt ires the failure of ’ which cannot be
accepted . t h en one must obta in test data on t h e  spec ific allo~ in the specific environment of
co ncern. In th is connection the reader should absorb the warning imp lic it in t h e  account (in chapter
51 of the catastrop hes wh ich ocet irri ti to titanium alloy Ilr~ssurt ’ vessel s when the nitrogen tetroxide
they contained was furnish ed in slightI~ b ig/icr purit~ then prev iousI~

References to key l i terature are included in the te x t  for the benefit of the reader ss ho wishe s to
di g deeper on a given topic . but these references are kept to a minimum, and names of investigators
and other ‘‘trapp ings of sc ho larship so c ustomar~ in research liter ature are omitted ent ir el~ . in the
interest of ease of reading by the nonresearch or iented I rsim .

Fhie mo(/ uc  operand, of this project was to prepare draft s iii ’ general izations in ari o u ’ sp e c i a l t
areas and submit these draf ts  to persons knowledgeable in these specialt art-as f i r  review and
comment. Many of these reviewers kindl~ provide(l invaltiable contributions in such forms a~
tit lpuhlishe(l data. ob sc ure references , unwritten or tiiipuhlished I) ra(’ti (’es . and var ious aids , often
provided at the expense of personal time desp ite the press of liti s~ sch edu les . W ithout imp ly ing any
respons ibilits on their part for any or all shortcomings of this volume , the author would like l ii record
here his indebtedness and apprec~iat ion to these rev icss c r5 ’.

I. M. Bernstei n. W . K. Boyd. H. S. Camp bell. M. A. Cordovi. J. B. Cotton. K. I.. (: wan. II. II. L.
Crai g. Jr..  ( .  Dat iek . C. P. Dillion. N F’ei ge. ~~ . Glorioso . S. Goldberg. J. J. Heger. F .  C. Hoxit ’ .
R. \~ . Huber. El. El. .Joh ns on . ~~ . .1. Ket chan i . J. \ . kies . L. i. Korb . J. Kruger. B. I” . E~angrr . K.
Maersrh. M. \h’’\c il. F) . .~~~. \1c ’~ n. F. Ogluirn. H. \\ . Paxton. h’ . hI. Phel ps . J. \l . I’opplewe ll.

— E. N. Pugh. F’ . I’ . Puzak. ~~~. 
I) . Rt ’~ nol ds . J. El. Sm it h . I) . van Hooven. F’. N. Rh ines . L. Sc hapiro .

I. . K. S ’harfst e in. K. Schmidt. J. Set irieks . \l . ( ) . Speidel. 1). 0. Sprowls . K. \\ . Stae hile.
\l. Strt ’ irhii’r. ‘I’ . J. “ Ilmmt’r~i,n. I) . h i . lhonipson. K. ~“. Frt ’ si’dt’ r. J. II. W t ’ s t h r o k. and
Ii. ~ . /.i,elhu ’r, Prof. K. ‘ I .  Foley of ’ ‘l iii ’ A nt i - r i can t uis i’r~ it~ h u t  iiii l~ ru ’ s iewed t hu’ ~cct ions h u t ,
athth itio ti a ll s. maile nunlt’riiiis hu’l pl’til (‘on st rii i’ tiv (’ stlggt ’st ioii s ~t hlt i  me’ r it~ iit ’ t iti l aji prt .t i it i i in.
whjc h i  hi re rt ’euu rdetl,
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The author als o wis h es to express his appreciation to Dr. Jerome Kruger . of the Nation al Bureau of
Standards , and to the other NBS personne l , for their kind assistance in the publication of this
volume.

Finally, the author would like to express his appreciation to Dr. E. van Reuth of the Advanced
Research Projects Agency for financial support of this writing, and to Dr. P. A. Clarkin ofthe Office of
Naval Research for the very considerate manner in which the supporting contract was administered.

B. F. Brown
Washington , D. C.

October 31, 1975
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Stress Corrosio n Crackin g Control Measures

B. F. Brown

Stress corros ion cracking is a failure mode which has occurred with increasing frequency in all
sectors of tec hnology . This pulilication attempts to diminish thie incidence of stre ss (‘orriisiohi

failures by assembling the available practical meast ires to avoid or minimize the problem and
present t hese measures in a form comprehensible iii those persons responsible for the desi gn ,
fabrication and maintenance of new structures . The alloys covered ale copper. aluminum, titanium
and nickel alloys and high strength and stainless steels.

Key words: Aluminum alloys; copper alloys; high strength steels: nickel alloys; stainless steels :
‘.t rrs~ c’orrosion crac king; titanium alloys.
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CHAPTER 1

PLACING THE PROBLEM IN PERSPECTIVE

~‘ t  nt ’~~s c irro~~iiiIi crack ing 5C( is one of 19 liror— the processes nec’essarj l’. involving corrosion proe—
t’ st ’s wh ich can af fe c t  the structural integrity or csses 7 through 19 in t h e  list above) are treated in th ie
limit the lift ’ i t  m etallic structures. These 

~~~~~~~~ standard texts (see for example ref’s . 13—5 b. TIle
are the f’iulloss ing: technology for designing against many of these forms

of c orrosion is presented in numerous monograp hs .
Mechanical The theory of stre ss corrosion cracking h a s  hieeni

I) \ ielding treated in the proceedings cif a number of recent
2) Brittle fracture conferencei, (refs . [6—8]), but no comprehensive eon—
31 Overload or dtictile fracture ference on the technology of 5CC and i ts as i,idani’i’
4) High temperature creep, wit h or without has been held since the (‘(inference t if 1944 (r i-f. (91) .

rupture The aim of the present work is to fill thi~ tcc lintiiiigi-
St Fatigue ca l need. Rather thian restricting the cost - rage if
6) Wear 5CC alone, portions of t he subjects of hivdriugen

\Ierhuanical plus Cheniical crackitlg and liquid metal assisted c racking are iii-
~~~~ ~~~~~~~ fatigue eluded for reasons which are noted below. These
(8)  Hydrogen cracking (hydrogen embittl ement)  three (‘rac king processes , w hich are italicized in the
9 Liquid metal assisted cracking (liquid list above , constitute a class of processes which ma~metal eml,ir i t tl ement)  be grouped tinder the term “susta ined load en y i ri ’ n—

( 10) Stress corrosion cracking mental cracking,” which is not to lie confused wit h
11) Erosion corrosion “ sustained load cracking.” a phenomenon whi irhi m’-

Chemical curs in some titanium alloys in thie absence iif a
( 121 Uniform corrosion chemically reactive environment.
( 13) Crevice (‘orriisit)n
(14) Pitting
( 15) Dissimilar metal c orrosion
(16) lntergranu lar corrosion I. Sustained Load Env ironmental Crack ing
( 17) Selective dissolution (as in the selective

etirrnis m of zinc in brass) Hydrogen cracking, liquid metal assisted crack-
(18) Filiform corrosion (as in surface grooving cif ing, and stress corrosion crack ing have a strikingl~st eel under a lacquer coating) large number of common features:
(19) High temperature oxidati o n (including sub- ( 1) All three processes can produce macr osrii l i-

scal ing) ically brittle fractures , t’v rn when they uiceur in met-
als which are ductile in a simple tensile test.

Designing against yielding is of course an old (2) All three processes are believed to involve lo-
tec hnolog~. based on well standardized macroscop ic caUzed p lastic flow,
tensi le tests. Designing against brittle fracture is (3) All three processes can occur at stresses
based either tin the transition temperature which may be far below those required for general

• phenomenon or on fracture mechanics characteris- yielding.
t ics , both of w hich require macroscopic ti-st speci- (4) Only a tensi le stress will produce t h is c lass of
mens . The principles of designing against overload cracking.
or ductile fracture are in a state of rap id research (5) Fracture cu c e t i r s  tin a plane nominall~ perp en-
development. Designing against high temperature dicular to  the tensile axis . t hat  is . it is an “ opening
creep is a we ll developed technology, based on data mode ” fracture (as in opening a biuokL Niu analog to
fri im macroscopic specimens , For designing against the shear lip has been noted to lie generated b~fati gue. t here are fatigue limit data and fatigue c rack sustai ned load environmental fracturing , alt hiiugh in

• growt h behavioral rules which are of general some instances what appears to he a purely mechan-
app licability. The principles of the transition tem- ical shear lip ma~ form as a border after the passage
perature and the fracture mechanics approaches to t f  a stress corrosion (‘rack.
t he brittle fracture problem. and the print’i ples of (6) There is a wide range of susceptibility among
fati gue crac king, are treate d in reference [II. For various combinations of alloys and environments .
maximum uti lity in a given tec hnology, the special This feature is related to the following one.
rules app licable t t i  that technology may be profitabl y (7 ) There is an approximation of specificit y ahtnit
co llected and presented, as in reference [2]. w hich those combinations tif alloy and environment whi(’h
~i1mmarizes t he rules of thltlnl b which have been lead to the mos t severe c’racking probleni -.. In
found useful in controlling fati gue in Naval aircraft . SCC. in other words , generally only a few chiemical

The technology for controlling wear is summarized species cause si’rioils cracking problems in a given
in handbooks. The principles of designing against alIn .

~ r ~~~~~ 
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(8) ‘l’he chit-t it ical species in t ue elivi ri in h it -n t i ’s— The ‘‘S ilver Bridge ’’ (front ispu’e ( represt nt 5 an
sentia l for th~ crac king prO(’ess may not be needed unusually eiiniplex chiain iii interactions bet wet ’ni
in either high i ’on ce nt rati o ns or large quantities , ft - rent failure modes: (1) A ei,rrosion pit init iated

• ‘ (9) The (‘tint bin at ions of al Ii iv and en’,’ i ri in iii en t (2) SCC . wh ich caused , ( 3) l)rit tIe f ’ra ‘t o re ‘ if ii nt’
wh ich lead to the niost severe (‘ra(’kiiig problems are half’ of t u e ring forming the eye of au i’~ e bar. 1’hii~usually those i ii which the alloy is almost , I)ut not hiritt le fracture transferred such a liighi liiad iii tIn’
quite. inert to the environment, tither half ii) the ring as to cause it to fail t ,~ I

(10) The cracks may be c it her simp le iir oveiload fracture , setting in motion the ~irtig rt’ s— i’.
branched. collapse of the entire bridge .

(11) Although the (‘ra(’ks are macrosco picall~ lin t- The des ign of tile ‘‘Silver Bridge ’’ repre st ’ i i t— a
tie , on a microscop ic level the sustained load en— generic design ‘pe which uiia, be t i’rmi’d lo i n—
vironniental cracking processes involve loc alized redundant hiiad path . non—re dundant in t hit ’ si’ui’ .e
plasticity and may follow paths which are different that if one load path (such i as tine half of the ring
from that of purely mec hanical brittle fra ctu i arid which forms the eve of ’ the t ’ye liar) fails , t h e  ent ire
env ironmental cracking may select either int (’r— ~trtucture is dtiomed, The implication” t if t ich i t ie —
granular or transgranular paths depending on set’ni- signs to requirements for knoss ledge of stress c’ i rro—
ingly rr~nor c’hanges in environment , cuim liositiiini i i )  s it ini (‘ra(’~~inig and bri t t l e fracture are chsciis’ .e4 in
alloy , stress level , or processing variables. (‘hapter 6.

l2( In addition to these eleven genera lizatui inis .
w h ich apply to all three faUure modes , stress ciirrt i- III. Theory

• sion crac king appears to occur only when certain
electrochem ical conditions are met , as w ill be di~ — 5CC in’,’itlvt-s the disci 1il iiie’. of meta hlurg\
c’ussed in detail in subsequent chapters. 

, mechanics, and chemistr y . aiid it should hi’ not st i r-A thirteenth generalization us often found in the prise that th ie thie iiry has proven to be difficult i iolder literature . nianiely t hat iinl~ alloys experienc e forniulate even quali~at ive ls , One might suspect t h a t.~(.C, and pure metals do not, From a practical if all 5CC has 12 features in common (a~ li- ted
st and pt i i n! thus rule has merit . but a few laboratiir~ above) , t hen there must be a str u ng element c’illuniiiii
cases of SCC have been observed in copper of ex- to all cases of SCC. And indeed thiriutig hutut t h e  iildm’r
tremel~ high pur it so that the rule • us’ have tii be literature on the subject t h ere w a s  an imp lied con—
stricken when considering thetiry . viction that a unified theory of all s4.:(: awai ted the

Liquid metal assisted cracking can be regarded as dili gent inves t i gator. With iiit’ passage t i f y ea r s  arid
sufficiently akin to 5CC to be treated in the present ri~ sing ie theory forthcoming to acc ount for 5CC in
writing, and it is so inc-luded in the metal s)stems all systems (combinat ions of alloys and environ-
where major problems have occurred. Some p’o ments) , attempts to find a single theory ha’ e gradu-esses which are labelled SCC may be, mechari isti - ally given way to attempts t o find uni ’ thcitrv whiic h
cally. mani festations of hydrogen cracking; and m w ill account for ail ‘he observations on any one — ‘ ‘. -

- such cases certain corrosion cuintrol measures such
as zin( electroplating of and cathodic protection of eT~ has long been ru’ gnized that SCC (‘hara(’t(’ris-• high strengt h steel can cause prtiblems of hydrogen t i cs  are controlled he, niicri ufeatures and mirrii-
cracking as serious as or more so than the SCC they processes . In mic’riifeatnr,’s we incluje grains , gra in
may be intended to prevent. Therefore , although the boundaries, prec ipitate particles . etc. By micrii-
pnmary focus of this volume us on 5CC, liquid metal processes we include mtitiiin of dishu icat iuins . jla ss iiig
assisted cracking ( and related solid metal cra(’king) of metallic atoms in”i t h e  itinized (corroded) state,
will be included in important systems because the reduct ion and diffusion of hydrogen. etc. Th ese f’ea-
general appriiachi tu i controlling the problem us s h u t- tures and processes are tin a st ale of roughly alar to the approaches for (‘lint rolling 5CC. and micron to an angstrom. \ Iost of t h e  micruif ’eatt inu ’ s

• treatment of a small portion of the vast subject of and microprocesses thought ~uoss ibIy iiiv iilved iii
hydrogeni effec t s  is included where it N intiniaieJ~ SCC are summarized schematic ally in f i gure 1,

• re lated to ~~(.(. and i t s  ctintriil . A full discussiiini of figure 1 would require a large
book in itself, for research is continuously adding to
our knowledge of t hese tnicrofeatures and micro-

I I. Intera ction between Failure Modes prosses. From an analysis of such knowledge a sari-
ety of theories of SCC have emerged . wh ich (‘an lie

Thu-re is exten s ive intera(’ti (in betweeti various of classified in six groups as follows:
— the 19 failure nuuit lt ’~ , e spec ially the modes involving

fracturing , It is cuimnuon ftur S( C to be init iat ed Ii~ ( 1) Film rupturt’ . w ith (‘oflst ’q irent c rac k prt i~Jaga_
i’orrosio n pittin g. It is also common for 5CC to ini t i— tion liv dissolution at the c rack t u t ’ . (~~u’ u’ upper left
ate fat igue (‘ra(’king, ari d in fact premature inl it iati uinu area of fig. 1.
of fati gu e cracks liv SCC in airfram e clurn puimu t’nts is (2 ) St ress accelerated dissolution,
an important ri’ason f u r concern ahuiut 5CC iii that 3 ilv ilr uu gen i’mhiritt lu’mu’ tit (winch i—elf i— i i i i —
teu ’hntdog~ . Brittle fractur e ma~ initiate frt im f’ati gtiu’ dersttmd vt’rv imperfectl y .
t racks , stru’ —— corrosion cra(’ks. hvtlniigvn (‘racks. (4 ) Adst irption and it iteractiti ut of u’nx inuinmu’n!
and in brittle st t ’ e ls (‘ru m t ’ s t ’n  ( ‘ o r nuisl , i n p its . sp ecies with strain(’(l bonds , See black ‘‘a t onu i—
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Pt SI cii. THI~ PK(iB( I’ si i’s Ptitsi’t i I S P

adsorbe(l or sorbed at strained and broken bonds . 121 ( . r i s . ’ i , tli.rai’,’ J,, l”anigu.’ ii) •“si r i ’r al i Sinj i’iures \ A ’ s AIR

lower left area of’ fig. I . 3 (iI~ t A— 13, . ( ;i,serniiuient Pri ni i ing Offii’i’ . ‘
~i a’.Ii’ r igl’ iii

(5) Brittle film formation au t h rupture , repeated ( 3 )  ~~~~~~~~~~ ‘s I N  ; an,t Un-rot’, Norbeil 1).. C’,rr,u’.iiin En-
~‘‘~ t’ lit ’all’, . 1 his model is discussed iii (i(’tail in chap— girierring. %tcUraw.Hilt . Nu’w Yo rk. 196 7 )

ten 3. 4) L hlig. Ilerlieri H,. C,urr,,sii,ni anil ( ,,rr ii ’ .i iih i i ’ i intr ol . Wi te )—

( 6) Fuirmation of rows of c’orrulsioii pits whuich i • 
ln ier ’. i ’i ei i i ’, ’ . N,:s ‘i irk. t97t

SI F,’. a,,’.. I Ink It.. I),,~ 3 .orni,’.io,i and ()xidat iu,n if \ t e iat s ,
lengthen into an array of parallel corrosuu’n t t iuinels . I ~~~~~ t,ontl.,lu. t%liI.
wi th  uncorroded walls between the tuulni’ls ulti— 6) Slat- life , K, W ,. F’u,idanuen iaf aspects ui —I re ” . ’ .  ci,rnui’.hill

matel v repturing mechanically to produce crack ad- u’rae kiiig. IR, V ,.  Staet ite . A , J. Fiirt y and I). ‘a ,, Riii, ’n.
va nc e F2i1— . I Nati o nal As — ,i, ’ iat i i i  if Corrosion Engii iet’r— . l1i~iis.

null. ‘t , ’ ’ .a— I t969) . 
~ 

4.
Sonic evideusce has been ftiutid for all these mod— 171 Scully. J, C,. Ed.. ‘Flit- nut - i rs if sires’. i’uirr.,si”n crai ’kitug in

els. yet none has been established auid universall y allii~’., ~ .A1’( ) Si’ientifii’ A ffairs Divisiiin , Bru—s el— I t972c
181 Hu,i’tinianmi , J , and Si aellit ’ , K. , , Ed s , Sn re’.. i n,’ ‘‘~~‘ ii

accepted f’or even one system. Furthermore mine of crat’kiiug and liydri,gen emhrinnli’ruiu’,in of iron ba—i’ allies’..
t he information which has been derived from these Naijonal A’.siii’iatjon i.i ( iirr’isiiili Euig inet’r’.. H,,usi~ ,i,
fine-scale studies has eliminated the SCC problem . Texas , in press.

and we have no basis for confidence that it will do so 
*

in the near future. Such studies are esseuitial to
provide the guidance for orderly developnient of al— ‘ t h e  following are addiiii,nall~ rei’iin iniu-ndt ’d h i t  f iinih ,- r reading
loys . but even if any one of the above t heories wer e in iuiaui~ t,,pii’ ’. ireaiei l in this Iiiiiik.

to be firmly established, we do not at this stage knuuw ‘I 9) An,,~ , . Si niiiiisiii in iii , sI se.’. i’ ii rni,si. ni ‘rai’ kuiig i f  nit -n al
how to use such knowledge for practical avuuidance American Socieiy for l’u’suing \tauerial’.. Philadelphia. PA
of 5CC. Theoretical studies are required for tinder- 1945) .
standing for the alloy development, bu t information 110) Robertsiin , V.. 13,, Ed,, SIn’s ’.  Cuirriisii.ni Crai’king and En,’

I I h Wi • R’ ~ N • V k 1 -

on another scale is required for practical c’uuitro l rhO ernenu ( o 0 I e~ . iin. . es iir, . ,

[111 Rhuidin, Thor, Ed.. Physical Metallurg’s of Stress (_uirni,siiin
measures. That is the subject of the next chapter. }‘ra(’iure . lnnerscienee . Ni’s Yiirk , 1959i,

The reader interested in more detailed discussion [12) Logan, Hugh I,.. ‘Fhe Stress Ciirriisiiini if Metals Ju lio V. ife~
t if theory sho uld consult references [6—81. & Sons , New \ iink. 1966 L , • —1131 An, ii .. St ri’s’. ciirriisi. in c racking iii t iial, urn . 51 I~ 39,

Amer ican Si,cieis for Testing Maier ials, l’hiladet phia. PA
1966).

14) An,in.. Stress ci.rrulsi.in it-sting. iT  P 425 . •Arnierui’ani i’i’i ii’Is
R eferences for Testinug Materials. Philadelphia. PA I t967i ,

I ISI Craig. H. Let’ , Ed., Si res’. cuirriisii.n cracking iii nit-tat’ . - ‘s
II) Te(elnian. A . S. and \ Ii’Es 1’~ . Jr.. A. J.. }‘raciuru’ u t  Stoic- sian,’ i f iii, ’ art.  S’I’t’ Slit , ‘sinenican Si,, ieis f i r  it-st ing

• . tura l \taierial’.. John Wiley & S,~ is . Nt-s ~ ,irk. 19671. Maierials . Ftuiiadet ptiia. PA t I9~’2I.
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CHAPTER 2

TEST METHODS AND INTERPRETATION OF TEST DATA

Siu icu -’ the t hit ’ iii’y mi f ’ 5CC based oui uuiicruif ’eatuu ’es I. Smooth Specimen Tests under Static
and micropruicesses (cli. I. fi g. 1) has  uiot been (he— Load s
veluiped to the point uif p ru)v idi uig predict ive capabil—
i ts -  wi t hi resp ect t ui 5CC behavior in etiglfleel’ing ‘l’huere are engineerilug situa t i t im us iii w h ich the full
coniponients and structures , anot her appnoat’iu ns re— c’onuptuneiut is t h e  logical chiu)i(’e f u r  a spt ’u’inueiu. If.
qtu iued until that capability caut be developed . The for exanuple . tune wis hes lii dett’ rmiuie whiu’t luu’r a
other approach is the use of niacroscuip ic spe(’umens . given ausnealing treatment i— aulequate t e e  neuuiiisu’ the
and it is the one upon which s~e preseuitl y ru’1) for formiuig st ru’ s’. fru m a rolled hirass plug— fuse — h iu ’ l l
guidance in making materials selection decisions, sufficient ly to avoid 5( ( iuu an ammuiniacal atn uuu-
One might say that the macru scopuc speu’itiieui tuuider sphere , the u b v itius (‘hit ilce of spu’i’ imen I’. uuu ie .l thu’
test ac ts as an analog computer t i u  Stiifl up t x t ~t’t’N shells. Part icularly when theory is incomplete . icr
mentally (and quant itativel y) the ef fects of au the poorly establ ished, we would pre fer t o conduct te ’ . t —
microfeatt ires ‘and micropr iicesst- s operat ise’ in a resem bling in esu’r’. way puiss ible the practical —i t u i a -
given system (combi ut ation of alloy and u ’ t i v i i l i u i —  tiu ni . and t h e  sh ell thus nuakes an ideal speci—
ment(. The reader sh ould have a clear view of t h e  nien. Such ideality of specimen a~ the i n—u . shell
roles of the two  types of experimentati on: The study of limited availability in ti lt’ engineering world , ~ e
of microfeatures and mi(’ruul) r( i( ’esses . ui f te u u ternued (‘annot affuird to run SCC t es ts  on a whole submarine
“basic researchi”. is required fuir understanding the hull or even s’ers many landing gears . s u u it is neu’ es-
nature- u f  5CC auid tui provide guidance for orderl y sary to select smaller spec imens wh ich u will afford
development of alloys . The test ing o~ fl ia(’ ru us c ui l ) Ic : the needed pre dictive capability withi respect to t h e
specimens is necessary fur deten mi iuat iuun iii 5CC larger structu nt’s u n  cuiniponents .
c haracteristic ’ s, the kusowled ge of which us uuece ’ssar ~ One such group of specimens in (‘uimmuinu use has
for materials selection. The two appruiac’hes are a spectrum of stresses in each s pec imen . usuall y
com plementary . \eithu- r will ( h i  the work of the vary ing fruim bevuind the yield strength to zero , A
other , and both are essential . Except fuir A5 ’l \I w idely used spei :imen in t h is category is t hue U-hit-nd
standards , reference [1] curntains t h e  nsu st recent spe c imen (see fi g. U. made by bending a str ip of
compilation of’ macroscop ic SCC test pro ’edures. metal into a U-shape and ru-stra iniuig the legs by a t ie

There are three fundamentally diffenenut types uc f rod or other means. If des ired. t h e  U-bend spec imen
macroscopic spec imens and tests. One e m p loys an cans be so dimensioned as tu avoid plast ic defuirnia-
essent ially smooth specimen under static ’ load . t h e  t ion and produce u n Iv a spectrum of elastic s t ressu ’ - .
second uses a precracked specimen (also taIled a Other specimens in this category are sheet tin plate
fracture mechan ics specimen) also under static’ load, spec imens which may be stressed by being indented
and the th ird employs a smooth spec imen under a by a Bninell hardness indenter tin by an Erichusen (‘up
rising luuad w ith a constant strain rate. test plunger. The~e self-stressed spec imens are

I

I~ -~’ .J 2 - P O I N T

BR1NELL ERICHSEN ~—.._1.’- ’ 3-POiNT

IMPRESSION CUP

U-BEND 4 POINT
TENSILE C-RING
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In ‘.i Mn

suita ble for inls rn’t iiuhi iii tt (‘iieuuii(’al ~ir~~’~’’ .— streams , tines And s uu fu ir thu w ithi th ur eu j hu , ’ n  ‘ .tauiui~ t i hi ,u ’ ih e ’ t u ’ . u ’

but they due not give a vu’rv qua uit i t a t i %u ’  pi(’turu’ iuf ’ t huu ’ nuinmenuts.
‘.t ri’s’. tIe peuidenc v iii ’ (‘rae’ ki rug. lii t he nit ust geuiu’ nal u’a c . t hit ’ • e ‘i pi i ’ ii u i ’  it u’ S t ’ i it —

In u reler to determ ine this ‘.tru’ss (Iependen(’t’ . it i’. iii ‘ .t uu ’s i’ iurr uis ie iui t ’ rau ’ki uig t i ’ — t  t in ,iu i uui t i ia l l ’.
conimon practice t uu t ise a luent hieanuu spec iunrus . a s m u u i u t hu ‘ . I ie c i uut i ’ u i  is a~ s~ iu iwu u l u’ f t  to right iii ligtirt ’ 2.

C—r ing spee’iuuien. tin au uniaxial tensile specimen
w hu ieh uuias h e  s t nessed in a stuiiit t u s I  Iramu’ . I’hu’ sc
spec iniens arc ‘.huiiw nu schu’itiaticalls in figure 1

‘flue U—bend spC(’imeui auuel tt ’ si pruueedure hiave
been stau idardj zed as A STM recuinut meusded practice . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

( ;3(~-7 2. The preparation and us,’ uif twui- . thnet ’ - , and : 
-
~ ~~~~~~ \“ ~~~~ , STR ESS I

f’our— pu duit loaded hue uut beam siuu i’i u n— u s l iavu ’ in—e uu ~~ z~ ‘

developed to A5TM Standau’d Nlethieid G39—.73. p ~~~~~~~~~ / , , ‘NM

wh ic h incliuules I) rui(’(’el (unt’s f u r  n’a lu’ulating —t r c~’., ~~~~~~~~~~ ~ ‘ . k

C—r ing speciiuuens may lie ‘t ut f’i’,urtt tu hu inug t in
mac-lim ed from plate tin bar stock. l’he’ mak ing anti
I is i u ug of C—ring slueciruienu s h a v e  lueen develuuped to
-‘~Sl \I Stand ard Keconimeuiuled Pract Re  G38’— 7 3 . F l i t  Re - 2. ( .en. ’, , , / I ~ ,’.I su juu .’ . iu’ ot ,‘i ,, ‘ . ( ( . l i / I  t i  , igh i ,

If the enuvunouiment of inte rest i— known. a’.. fuir (J~ siJflz5flg fuuiflfl’/Ueii(iiit, it iIi~’si ii,, ., .,,.,,. iu,u, ,‘,I,I,,i I

example . unct ntan uunated sea water. Ill’ a ‘he- uuuu ’aI i - I d ,  . ~ ..‘ . - —~~. . .  ~~~~ . . .  . d. ’.. .~~~. I. . . . ~ I.

process stream uu f ’ knuuw ui compius itiiiui . t hur test  u — u i s- i— i,~ ,uiI i i i , . . .’ .

ronniruit of cho ice will be t u e  sers’ice u’nvirouinuent.
But if thie service ens’iruinnuent is irn’uuinp lt’tt ’ly de— \Iuist uui u ’ ta ls au- u’ t ’ , u ’ . u’r t ’ uI ~ t hu th uuuu l ihuu u— . uu lt,’ it
fined. f u n examp le that of an airplane. thu r select iii uu oxides . whu ichi uuiay lii’ ~ir uut t ’ ( ’ t i ’ .~’ aga i u u — i ‘ ‘ i r s ’ ’  — I i u i u  .1—

of a test env ironment poses problems which h ave unit long as t h u - s  rt ’uula iuu uu ut a c t ,  ‘I’hie f i i — t — it ’ p iii t hu ~~ ( . ( .

been (‘uump lete ls answered tuu everyonu’ ’s s~ut isfa c— pr un es — m i  the break uhuu ~ n if t In— f i lm. ti h u h  t t i a ’ .

t i u? n. Shu uld uiuie test in a ‘‘worst—case ’’ en’.iru uuimt ’uut iuu ’cu r h ,t ’ u ’a t u— e ’ i e f  nuiu ’ ( ’h iauu iu ’a I uha uuiagr u n  iit’u au u — u ’  ut

m d  tiding worst ten iperat u re and ss uurst elect roc ’huem— elect nit’aI cii rri ’uut s . hu ut t hi’ uu iu u— t  e ‘i iuti nuui iii ca t use iii

ic’ al potential? Th ere are tw ui  problems lucre’ . finst film breakduiss ii in I hut ’ act i i uu u uu f ,‘ i’ rtai nu i’hu,’ru iiea l
th at we don’t knius’ . the s ’ . i urst — ca se euiv iruuflfl l( ’nt for spec ie’. in t h e ’  en’. ir uuuuiuu u’ nt , partiu’ular l’ . t I l e ’  u’ hi l i ir i uic
all alloy’s , and second , test ing of suunie mate’rials iii ion . Af te r  th u r fi lnu is lu nuu k u ’u u down . a i ’ u i r r u , su , e u i  t i l t

worst—case env ironments (t In reasuenuable a~upniux iuu ua _ uuiav f ’tu rnu. lii ‘ .uu uu iu ’ ee ,mh iui a liuu uus if rii’ .iruuiumn’nut
tion thereto( would pntuhahfy lead t uu excessive reje(’ — ~1fl(i alliuys ~‘rae’king th ai initiate wit! uouj t s us ihle pit—
tion u,f a lluuvs . Regardless uuf the poss ible m i n t s  of ting. m i t  i tt a t au g u— pruut u iurt i i in u uf  servi c e f’ailurt— a

using wors t—case test environments , they ant’ not in (‘uirnii~i u uni pit 1uru’ ,’t ’du’s thu r 5( .( . ‘Inc pit a r t— as a
wi despread u se  even for those alhiv familiu’ — for st u u ’ s s inutensif ii’ r . huut it s t ’ r ’ .u’s  a su’u’ uund auid perhiaps
which we think we h ave ideuitif ied somet h ing all— u-vei l nuuure iu uu l uuu r! aul t f tuuui ’ t iuu uu iii seuuu ue —s s I u ’ ns:  t h e ’
proac hing thue w uu rst —t ’ ase ens’iniunment. e’u,rrui deuit w ithiu i ti le pit te’nds t uu be diffeneuit in us a—

Instead of t h e  w o r s t — c a s t ’  approach h u n  general ture fniuni thu r bulk u’nvinuuui menit h ecatuse uuf a c Ia ’ .— i t

characterizatit uru uif 5Ci 2 pniupertir ” the apluruuat ’ iu reacti uuu us knu uiwui i t t  ‘huen iisi ry as hivdrii ls — t s . One
most cu mmonly used is t i select either nattura l u ’ n s i— stuch u rea e ’t iuuuu in ivu u ls i ui g u nit’ iif t lue t ’ uu rr uu su e i ut  pru ud tu rl—

ronments (e.g.. atmosp here . sea (‘oast . sea water ) .  uun uif sta in less steel I. as f utlli iws :
alternat ively to use st anelardized la [ uec natu ury suu lut ions
on atmosp heres. Among the ’ stanulanulize’cI sui l iut iu ti— Cr ’ ’ + 3112() = CnOhl 3

there are several A51’\l standardized u~nv iriuuinuents :
G36—73 for crac’king of stainless slut ’ l ’ .  in boiling ‘l’hue huv u lnu ug u’n i ut uus tht i — hur uuulu ( ’e ul ea l i—i ’  luut ’a I a ridits
magnes ium c’hluinide soItition~ 

( ;33—73 for cracki n g cd within a ( ‘ui rr t ) s iue uu h i t ,  auu ut I lii’. ai iuhi ts  uu ua\ hue at
sta inless steels in puilythionit’ an tIs: (;37—73 f’ue r least a— im lu ien ta uut as thue — t n , ’ ’.’. in utu ’ uis i f ic at uu uit  i i  t h u

(‘ra(’ king of cu pper—z inc a l l uus s ( b ra s— u ’ s )  in luit iuu (‘at us iflg ~
( ( 2 ins i t i a t iu iu u.

Mattssui t l ’— sudut iuun: and ( -I.1—T.S for altenn iatu’ im— Returning to thu r seq iuu’nct’ us  figuru’ 2. it t htu’ ta d is

mers ion test ing in sodium c’hluunide sui lutiu uui at niuc unu iiu1 nu— laxed as thur st res ’ .  c, irr uusieu nu u’i’au’k grits’.— .
temperature. eventua l ls t hur  — t r u ss tu t u tht u ’  t uncracked Iigauui t ’ utt s u~

It i’. taci t l y pru—s timed that l us t ing various stainless u’reases l u  t h e  puui nt t h at the ’ Iiganiu’iut tea ,— apart
steel ’ .  in t he •tandard ized luue i linug inaguuesiuuun niuecha uuirall v. Th is final rupture caut lii’ u’ i thu u ’ r  uiuu’ —
ch luun ide solu tiieru will permi t assigning an tind er of tilt’ uuv erluuad frai’tture u n  brittlu ’ Iractuirt ’ . nht ’~u u ’ uuuh iui g
mer it rating valid fuur thu r miest part for thu r i’t ’ a i’k iiug uuu u la t ’ tei rs s t un ’ h u as t he nat turu’ uu f  t iur a l l is ,  t I~u-

uif thur sartue stee ls in dilutu’ huuit u’hu l ,un iule ‘ .u u lt i l iu u ui g u’ ui nuu ’ t ns if ’ the s lut c inueuu. and thut ’ t u’mpu ’ rat luri ’ .
nt— l ui i ’ ’ . t ’ntative uuf sIig huII ~ cuu ntan n inat e d hu u ei hu ’r waii— r. lit a I t — st e m a s uu uuuu it lu specimeti. the I ia nhi iu e ’t u ’ t
l ,iku ’ wisi ’ l u s t s  m u  \ l a t t s s u u t u ’s s u c h u i t l u m n prt’ uu uuu a hu l~ u uen u unu e u iu ls  niueut~ tuu ’ e’uI is t h e  t imu’ f ’ruuun c i uu u l uu u e ’ u lu ’ i ’ —
af ’I’uenul ant tinder of nuu’n it ratiuu g iu f ’ t’ ei l u l’ e ’ u — /iuu n ’ all uu’ .’— u uue ’ iu t  i f ’  t e s t  Iii lai ltur t ’ . F’a iltun’e is s u uuuu e tiuu ue ’ ’. u l et t t i u ’ u I
w h it ’ hu would nuu,re icr I,’—— 1ut—r d ict t huu’ ru’ lat i ’, u’ Per— . 1 —  t I l t ’  d hi hie ’a r iutl ( u’ iii’ a ru’cognu iiaiulu’ (‘iit ,’k. lit I ( u , i t

f e u r r u ua , u u ’ u ’  of thur —ann ’ fa i i u i l ’. i f  ~u Iluus — ni uut h uu ’r a uuu — u I — i ’  I hut ’ I i .?  uI I m itt’ t i m  l’a ilt un ’ u’ ne l u r u ’ su ’ u i t  — I fu f l ’  I In’ gu l l —

uti um nu ia ,’a I u ’ n ’ .j r uenn t t ’ t t t — . pant iu’ iula r ls t i l e ’  ,uuiur m ’ uh i ln t t ’  u’u’ai i a—e i t i n’ — uu itu ii) ’ th u r t int u’s l’uur f i lm hu n ’ u’ a k uiu is ’ .u u .
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- 
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‘ I n s  I ‘.InI III ills

pit i n i t i a t iu u u u  aii,l gu’ius s-t hu. and SCC iu u i t iat i i uuu and H. Preeracked (Fracture Mee’hank’s)
gi’i issthu t i c  au a r lu i t t ’~ur s si zt ’ crack. 

. Speeinieiis under Stati c Lo ads
If ’ fail t i t i— is cit. f itted as se~ arat it in iii ’ th ur spec ituu e iu

ii t ’ucnst ’n it ’uut ’u’ iii t h at the su.Iiai’atiiun event can be ‘l’hut’ e ’ x i— tu ’ i i u ’ i ’  md a i’ i’au’k—likt ’ .u i ;fat ’ t ’  u f u ’ f t ’ u ’ t  u ’ u euu i —
used lii ac ltuate a t inier. t h e n  thu r uuaturc ’ i t t  tIn’ te ni nu— 

~uktt’ly alters th ue a t i a ls ’ .i’. u i t hur 5( It ln’ luat iiez’ oh’ iou
uta l f rai’tt ire t aut t t ia kc ’  iuuipuunta nut ( ‘ mt ntn uh it l t i u in s ~ alltu’s’ . f’uc r whut ’t hie r thit ’ ult’ i’ec ’ t t ’xteuu u l’ . as a —i u u ’ — —
detr ntuu i zuiug the luuldl tinut’ Ict f ’a iluui’e. l.t’t ii’. u’ iuuus iult ’ r c orros ion (‘rac k (lt’11t’nds riot ~nuls t in t h e  iiaturt’ tel
the’ ea s e ’  uuf a huighi “t nu’ iug th steel iii wh iie hi the t u ’ r uuu i— thu r allui auud thu r enuviru ,niuieuut and t hu t ’ i u ia g uu i t : udu ’ iii
iial f ’ na u ’ t iuru ’ i— a lur i t t le fra ct uu’ r, lf ’ iine heat t reats  t h e’ — t i - u’ s’. hutut alsim oh thur dept h if thur iuuitia l cua c k— l ike
st,’i’( s~u u ’ u ’ in ut u ’ u i — t u i  several Ii’s’ c’ ls iii t uuu i gh i uu u ’ s’. and b’I’et’ t. In the ~unesen (’e mci a t rack—like uIu f’r ’ t uur u i  a
piut’ . t hu e u i u iui tuu  a s t r e s s  euuru’ tu s i uu ut u’na (’kitig lust , the s l im ’ s— u ’c ur n ic si tcu u crack. ntu uu u inah —tr ,’ s s is a f i t ’ t i t uni
Eu uitgf lu’ r’ he n i u i e nu — w ill i’c’u i ui it ’ a luuruge r ‘.1 t’t’s~ court w hu ic’Iu c’ iou be misleading. anti iii t hue jc n rst ’ i ut t m it’ t hu u
s iu u n i crack hief ’utr ,’ t h ue s t iuudergui te nuuu iuial m art cure nespiunse tu f ’ a rnac’ked huuud s t u u Ici at h inug ‘ ‘au imn ls Ice
t hua i u thu,’ i t tuu u ’ t’ hu i ’it t l e  spu’cinu ruls. I lie toughi s pec ’ u— treated e~uantitat is’t’Iy huy fra (’turu’ uiue ,’huanit ’ — . St ii’ ——nuu’ uts ssu iulil thuu ’ ut s h umiw a lucnge’ r t u ne ti m fa iltune t h ua u i  corrosion cra (’ks are brittfe ’ , t h at i— . f u r tin’ m u s t  h art
t iut ’ hin ittk ’ l u l l ’ s e ’ su’u t  if their s lu ’e’ss c ucu ’ rt isuttn t’ hua rac— t h ey uuccun beftire thur tinsel utf’ gu’nera l yit ’ luiiu ug. whilu ’
t u ’ r l — I i ( ’ ” w e r e  iult ’ nuti ca l, 

. the hulk of’ the metal us st ill iii thu r ela’ .t iu’ s ta tu ’ .
l”uir e’m t uhu a . is u i  the defieiezu’ies iii tIme total time Therefture it is appi. ip r iate tu u usc’ the Inst in —Ki t ’s

l u fai lure a— a 5CC luara muuete r . n uut e t h a t  thu r niag— liuseau’ elastic ’ f racture menhiauuics heir S( ( 1  t’’.u’uu in
u u ittut lu ’ ut ’ th is t ime deiueuuds usot um uul\ ’  in 5CC kiuuet ic ’s metals ti m ductile fuun t h e  pract ical uuueasurenuu’iut iii
lout al. ’ tin —u n It nuui t t — 5CC f ac ’ tuers as specluu i (— u i 

~~
“:~

‘ ‘ pturel y nuee’ hiauuic’al fracture t uuug huness by fna c t uunt ’
‘.1 cc i  nil Ii geu inuue’t ny . tuc ughiiuess iii t lie nut t al. u Hut ual uuue’chua ru ics met huuud s .
— tr e ’ . — lu ’s u’ l . aiuu l uui i t iat iu u ru huu’huas ’ iuir. SuVheut a piece u u f ’ metal u’mintaining a t rack i— —t ie ’ s — u i l

h) ,’ ..t u u l e  siit ’h i lef icie i n’i rs iii t h e t u u ta l— t i m e —t im — in suc h a fashit uuu a’. t u u tenth t i u  i ipen aml t ’X t u ’u u t l
f’ailure parameter for iuuit ia llv suu uou ut tu specimen s . t h e  c rac k , t h e  nucm iuual sir,’’.’. is iu ut eu is i f i u ’ t I  t ie ’ a~ t h i t ’
th is pa rausunlu ’ r. iuerh uaps te uui pu ’ ru’mh un uuu tc ’ rpr rtat uuuui c’rac’k tip. Elast iciatus havu’ given us thu r niu’a ui— t tu

• Iii iu uv es ti gat ors ss ’ h uui take iu u tu e a c ’c ’ u mu ui t  n i imn— 5C t _ f at ’ — qtuant i fs this st r t ’ ’.’. intens ity. i ss’hichu is du’signatril K
It irs wh ich influt’uic’u’ thu r parameter . has  lueeui thu ’ antI w h ic h  ha s  t h e  units ksi \/~

‘
~ icr MNm~

1 2
principal Iuasis urn which m m  5CC nuinlrucl tec’huniilucgs’ St i nue ucf (lie vari u tu s I~ f I t ’ s  t uf  fracture nueu’huanuit ’s
nes ts, spec’imc ’ uus which have b -en used in SCC studies an t ’

This time—tii—fai lure paran ut—t er. s’.’ huu’n pluitteu l as a shit uwn in figure 4. Tht ’ c— quatittns fuur (‘ald’ti lating K
f’unc tiuun ut f  irui t ia l ‘.t ru’s’ .. typuca hly — h uu s ’ . ‘. w h at  up— values fuir vaniuius types of specimens are c’uullt ’t ’ iet i
pP(I r.S (fi g. 3u tu u }uu’ a ht ,nuzutuuta l asyn uptm it r whn’h~ 15 in nef ’e reu ice [21.
usually denoted the thireshiulci slurs ’ . cm,. t h i s appar— If one’ measures SCC growth rate as a t ’iunc’t iimu i ut f k .
n f l  threshold st ne ’ .’ .  is in s p uu rtant in u le t c’r nuu unu u iug geuseral appearance is as shuucwn in figure 5. Here it
u nder uuf mer it natu nugs uuf a l luuv’ . icr ruiv uru t nn uents . as w ill he seen that in the area marked Regiuius II thur
w ill be seeui in the c hapters um n c’ mipper a i lum y s . c rac k grucwtlu rate is high and i’. insensitive tuu K . Thuis
aluminum allucys and stainless stee ls, plateau is discussed further in c hapter 4. At hutw er

levels of K. in region I. the crac’ k grtiwt h u rate’ be-
cuu nues very sensitive It, K (nu,te the hug scale), At a

STRESS sufficiently Ituw value uuf K there appears t mu hue a
threshold wh ich has been, des ignated K,,,, .. That
suc h a genuine threshold K exi sts  has beeui clearly
pnuus’en fuur t itanium alloy’s ins salt water . auud it ap—

• pears pnuihuable in steels: hut its existen e’ e i’. in qtles-
t i u u n in sterile aluminum alloys. ‘flit’ s’al ue of su(’hu a
parameter of Kii,.u , . w here such a genuine threshtuld
i’x is ls . lies ins tune ’s ahu ility to predict t h e  e’ u ,nuh uinati u itu

T H R E S H O LD * t uf remtcte (ntc m inal) stress and sizt’ icf u’ rack- like
surface flaw th u nu iugh the use m if ’ t hie I rw iii eq ii at ion:

T I M E  TO F A I L U R E

i t ,,,, ‘ii,.’ int,’n.It, ,,. n,u’,I ‘h i . . ,  il,..,,i Ii. ,,‘I ‘in,,- ,’ Ii ,

F’ui,l Ill 5 . ‘.,fi,’t,,,,ti, 5f f, ,(,,u,, ~~~~ .snuiuoth s,u i ’ , I l l i u ’ nn . I ’  ..-‘ .. ‘ ‘‘l., , .  ~~~~~~~~~~~ iu ,‘ ~‘.,,-L, .-,I i.. ‘ ,, ‘.,,, , , , . , ,  ,,.~,.a ii, ii,, I” ’ITP ‘ ‘ ‘I’ ’’
iii,.’ I~ ,i , , , , n?i i  u . , , I i u i i . , i , ’  ,t,t,’’Ir,.I,I ,I , , ’ ,, ,. ,,,,i ,In,,.,’ ,nh,I , u i ’ ’ ’  ‘ii i’ ’ 1 ‘ ‘ s i - i ’ ’  u i , ’ ‘ I , , ’ ’’ liii ‘ i t , ,  , .,ruu. ,, tin,,’ ,
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COMPACT CANTILEVER CANTILEVER
TENSiON BEAM BEAM CONSTANT K

Flu .1 ill 5. !‘r,? ue qu,,/ / r,,etu, r,- ,,ueehun,, ’s lu/ u,’ .uperimm’n,s u-h iu ’h ha, ’~ /ue~,u u.,ed un .‘s(f. stu ds,- .’. ,

________ ________________________________________________ K2 = ~.2~rcj ’ a 
, ( I I

sc 2 _ O2 12 ( ’~ 
2

\drn

whuere a is thur d ept h of thur c’rac’k, ~ is t hut ’ s t r u ” .- . (r ,,
is t ile yield strengths. and ~ is a f ’act uin tu c r t hue s hua hue t i f

REGION II / the crac k. If the leiugthu tif h ut’ t m-ark is 2/i, t hen ~~2 has
— the values for vaniu tuis c-rack sliatce’. listed iii tahdr I.

If ume assumes a long, th in flaw anti thur exist e nu’t ’ ud
y ield—point stress . thuenu fronu eq I l( ‘.Iru’—’ . e umr nu usi uuu u
would he expec ted to prucpagate if thue flast t ie t uthu
exceeded a,., . given hu’ .

‘-3

u~2
—

‘K \ 2
• i/i 

~~~ 
= 0.2 1 1 ~ 5 C l

tyrr)

The value of a,.,. may thitus Ice regarded a— a figure u uf
mer it whichu incuurptirates hui uthu the’ St C nt’sistauue’,’
K,,, , and thin’ t ’ uci ut n ih nuti t uu u whuic hi sim ’ I t h st ru ’ uugth s s t i e s~
les ’els can make t u t  5 : : hiazanuh liv v irttiu ’ iuf nu’siuhual
tin fit—up stress es .

I 1 till F I. I u,!ll e’ .s ‘if b’”

____________ 
—

I I s cc

I F,

CRACK ’T I P STRESS INTENSITY II l’ .u’, ’s luulig, ilu ilu ‘ u i - k  l u st
25 1 . 1 4
3 t .u u

111,1  lIP ‘
i. 1/fe’ , if slr u’su j i i t , ’n.cj f ’, ~n .SCC kin, ’tje,s . R3.’, ,~ Ill ,. u .~ 5 I

— ‘ ‘ 1 1 , - i ,  ns..,u5, Il, ’~ i’’ ,. I ‘ rn ,,, , , , i— ’ n i . ’  ., ,,,‘,,,. Rut ,,,,,. I .,,,~I II 1.0 I — u ’ i l u i u ’ u , ,  , ,I, ur u 2 I/u
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I n  • I !i4n~’u Iii Ills

(Jute c’an pluut eq 121 for variu dus values mci a,.,. as
shown in figure 6. This phut us a comuvcnieu ut
frat utework for d isplay ing tiiu’ 5CC ch aracter is t ic ’s  ucf
mater ials, If a given muuater ial was f’icuuid to have a
K,,, , as iuidicateci by ptcinut ,t , a surfac e c rack 0. 1 in
2. 5 ruunu( deep would be deeper than reejuineci tuu

propagate a stress cuc rrtc s iou i (‘rack iii the saitue euivi—
ronment used to detern s ine the K,,.,. . But a crack ~0,01 in (0,25 mm( deep would not propagate a stress
corrosion crack iii t ite’ same material in tl mt- sanue 0 ,,

~~p~~~of K  data such as figure 6 can be used in
a slightly different way: If one knows that  he cannot

(0.25 mm) dee~~ t h n  ~ a~~s 
y~~~~~ e~~~ oh”

st resses he must select a matenal having a K,,~,,,.

above the 0.01 in line in figure 6,
The K,5, .,. values for a number of commercial and

ex perimental titaniunu allumys are shu,w,u in figure 7 as
a fttnct ion of y ield strength. Lines c-orrespecnding Iii YIELD STRENGTH
var ious c ritical erac’k depths folhuwing eq (2) 1 are
included in this plcut as aiu aid t t u  interpretation of the
degree of susceptibility of various alloys, Another h”l,.l CF ~~. P/itt uuf eq t2t fuur IOu, uI.ssunuu-u/ ui/ui’s of ‘i, ,  ,,s’u,,,,ipi~lo,ug .uurJu,,’e ~iiuut and i tn—iti .s-tru’,ug//u u/ re ,.,,. • (ft~~PtQ/1fi/(. I ni~u,- n~lway to regara 

~~~~ 
us to view it as ut nearty propor — 

~~~~ 
,~ ,,,, 

~. ~~~~~~ I,u \ n. ’,,l,l in’ .,h’ I,,. “u , u.-tional to t he load—carry ing capability of a specimen ,‘ii,,,,,,,,,,,’,,,”, ‘ne m u ,  t,u . ,‘.,u’ ‘srI,,,-,’ flu,,. ,.,II in’ ,,,,,I,-, ’u ,,’, ,t~o, iuij
icr ccimponent conta ining a standard size flaw. s, - i f  h,’,~~r,’ 

,,. ‘Iee’1i ,,‘ Ii eu 2 “ mu ,,’ .
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I l l .  Constant Strain Rate ‘l’ests huetwr c ’ iu hc n i t t le hie hias ’ it in arid tmuug hi hmu- huas ’ i um n 1” u t’-
tu’rm iuut’uI. aumu l thIn traumsi l iu mu l  tenuperature ’ is required

%, l’um i idaumue u mta ( l y  ul if ’l’,’nniut st - as t t u  assess 5 ( (  to he safe ’ly- h*Jicw at t y  luoss liulu’ u,pt’ratlng t r t l l h c u ’ r a —

nhtar ac ’te r ist i rs is Iii ic tuh l t i e  f ’nau’turt ’ a se nt ’ — t e f ’ snmia lf ture .
• uu umui i t h m te ’ nu s ihe ‘.~~u ’ e’i n lmt ’ t I ’ . . r~ e’h c li me at a dii ’fu’ i ’e m ut
l u t u t  u’ u i t u s t a u i t  rate ’ . am Id miu ea st mru ’ t ime’ r , ’ u l t m ( ’ t i muut  iii area IV. Metallurgical Considerat ions in Test s
.e— iii a u’ ucm mst ’ mu t iiuuiai t ,’uusi lt’ l u s t ,  lOl im et h ua r ’~euuu u’tt ’ rs
mmi a y hut ’ im’.t’uI a— iuich i(’d’ s uui ~~ 

( rI’f t ’c ’t~ , suc ’hu as ‘l ’ Iu uus u’ uuif ’anu ihiar wi th flue— in ter n al s l rt mc ’ (un’ u’ c it
i ’ Iuun i~L a t I u u n l  icr f r ac tu r e  — t n t ’ s ’ ..) ‘l’ht is su ’ r iu’s is d u n e  mit uuueta ls amid a hh ucs’s nu ighut not knuiw that th ue i r t ’ hse —n uinal
aim i n ert emi s in t u uun uc ’n u t  amid agairu i ll thu r c ’ ucr nu td m—u it iii’ neac’ti~- j tv——— t hue~r cl cn nm t siumuu hcu’hmas ’ ior—e ’aus ha’ greatly
i n l t , ’ u u ’ ’.t , Ii ut uu ( ’ u t lu tturu ’ — t i e s —  c’u i nru us u i un u t rac ks u iu — ir s f ’ ltme nc eel n u mut u uuul ~ bs’ t hue ir nuonuuiiual cu impti s itiucn but
u hi’ ,tte amid g r ucw ul tmr t iug tht u ’ t ,’ ’.I, t h a n es - u nit uhe ’ i ’ tu - u ’ .es  a lsuu hu s t h e’ st a~’ iii whu ic ’ hm t h e y  art ’ pnicc luc’ed . Thur
th in d u c t i l i t y  tuu an  e’~ Iu’itt t , ’ latt ’c I Iii thin uiu uuuh ) rr amid e’hurnu ical hceh uas ’ it ur ucf ’ nt’agc’nt gratic’ sodium Ii)t i—
—it t ’  umf ’ t ile’ s I tu ’ — ’ . c ’ uurru u s iu muu c racks . ‘~ s,’huenuuat ic’ pliut ruuxide is identical whuc ’t lien it t ’ uunutrs tw t  tuf  a large—
tuf ’ ulat .i rt ’prc’st ’nutat ive of such te ’sts appram — iii figure bottle tin a sn aIl em n ue , but the str e s— cu ,nrosiumn c rac k—
8 amid ~lut us ’ . ’. t he hcehas m cir of au alloy ill amu ,‘uus’ in u unu — iuug hme huas ’ iuun iii ’ a large’ f~crging ma) differ gneath)
tnu’nt ‘.s hu i t ’ hm e ’atu’ .u’s 5CC (‘uimuipare ul wi thu lc e ’ h t a v iuun iii f ’u’ u i nu t h at id ’ t u e  sattl e ’ nuetal ruulled dtuwnu t u u a thin
.tui In e rt u ’ u ms ’ i rm uiu u u t t ’ t l t ,  ‘l’hue’ e ’x t e l i t  ccl ’ h it’ nuuax iuu uuuu u str ip . , ‘~ l s u u . huec ’atus e u u f ’ grai n t esl une (anua i iig u ius lu

—t ’ pan - at im i u u hiets ’.-nenu t hu e ’ It ’ . , u ’ t i rses  uuf f i gure 8 is ant t in— text iure ’ itf wtuuud l m u  c ’ ertaiuu a l luiy ’ — . uut t taIuI ~u m u u h iu ’ at u ir  ‘ i f  thi e’ ulegree’ id slm ’ .u ’ r lc t i l t i l i ls  ucf ’ thir alhui m u  alum iuui unu and s,ciuie h u g h allicy’ stet’ ls . thu r ~ ( 1,
th in’ rmi’t i rc l) mt ’ iul u’aus iulg i’nai’k ing in ,  13h. characteristi c ’s art ’ direntimunal. T he  stre ss reeiuint’eI

Ii, drive a si ru’ — ’ . cuurruc s iuin c rank au’ ruu’ .’ . I Itt’ grainu
t e x t u r e  c’auu hue vastl y ’  greater Ihanu thuat requ ir i ’e h to
dnis-e it parallel t u c th ue’ ~irain texture I in h Im- ‘‘ ss u’a k’
nlinec ’t imun ), Thu s ‘‘an is imt nimpy- ’’ a’. it Is c alled) I— al su t

~ 
, i~~~~i~~~~~~
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shtiulil Hil t t hs iuuk muf ’ thur 5CC ( ‘hlarac t rnist iu’ — ‘ i f  amu

C ah lu cy ’ as hias’ iuig gemuenal applic ability f u n  all nuuill lint cli—
0 uct fuirms, ‘I’hue c areful w uurker w mut ul d Ic— r id t ic  ni’Icu cm - I

S( C charac teris t ics s uun mew lm at iii the I’oJ )e ust ’ing pat—
ternu : K,,, ., f t r  18 percent nickel maragiusg steel. vac ’-
tutu nu i mid tie’ t im in iuueht ed au d a,’ em u m ant ’ r,’ nuuu’ l t u’uI

CORROSIVE ENVIRONMENT rtcl led to liii Ic hi tte n . heat treated h u m  a yield st renu gth i u uf ’

190 ks j  ( ~300 \ l\ n~u 2 ) amid t u’ steti iui thin w eaku ’ — t
dj ree ’t iu uu in nuat uu’aJ sea water , st - as fuuuj ud t i c  hue ’ 9/I
ksi V1’i~ (99 \lNm 3 2 ) baseci ccii tests tuf 1.000 hi dura-
timu mi ,

LOG STRAIN RATE
‘
~~~. Interpr etation of SCC Test Data

16 . 1 HF It, !‘h:l ’, f I ’ , p u a l  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ hun the ’ bemiefit of the hue’ rs im ll wi thu l i t t le ’  h a c k—

, ,,,,,i ’ ,~
, 

~H.. 5 ’ , , ’ ’ -  t i gnuuuuuei m u  thu’ suhujre ’t. ml shiuiuld hue adn umt tu ’ , I that a
grc’at u lral ui thie ici mhulis hu ru l tiata eumu S( ‘

‘ - art -’ u hil ’iI,’ult
to iuuttr p i ’et m u  tennis cif iuran’h ie ’al mate’nial” euui ,auuet ’ r—

:tun msta, ut  — t ra in rate ’ test  d ata might be used in tile m ug. \hu us t met ’ thin e ’xha nut data ummu t h e ’  ~ ( .C e u f austc ’ ntmt iu ’
f’uu lhu c w i n u g sta s , Let Ii’ . sulc peese that unprt utec ’tet l stee l staiu ,Ie’ s’. steels wt’ni’ tak e ’ uu m u  hi uct ,‘ uunu u ’eu uhrat ru i uuu a g—
iii nt ut u i—i  — u u i l  w muul d ha ’ hasc ’ ae ’ u ’ccndin u g to thin sagging usesiium c ’hu hc urid r s t i lu i t i u ut l — . s, u lu i t i mu m us sshuie ’ hi are’ ui t ’st ’ n’
t ’ u i rsu ’  if ’ f ’i g i i r t ’  H. Bl it if ,iuue’ amu uc eie s are t ’td nnec ’ t edl t i c  etsc ’uc untt ’ reel any’whut ’ne ’ “xe ’ept m u  S(~ I u ’ — t inug c h ia nu u—
t i l t ’  • ic ’ i ’ I  thin ,‘ li ’ e ’trui ( ’ huu’ nnu ical ic e m t c — nti a l  te l ’ the steel Iunns, We’ think th ial t im e t inult’ r of fluen t uuf ’ s’an i u u d t —
u’ i l l l  hut ’ aft u’ reel st it hi c ’ u u t u s d ’ u l u m t ’ m u t  altering euf ’ thin c ’ cir ni d— sta inless st u’u’ Is dete rnuuinuetl iii t iu tm ~e ~,~l uu t it ’ ll— st ill
— iu mn i hcu1i~n . ‘‘n c u t ’ t Ime ’ —t ee I. 1_ et u s  ac re— pt that t h e ’  largely pertains also t i c  h ue’ prau ’ Iiu’a l u’~usu~ iii l m uu i hu ’ r
e li’, t n i u u ’ h i , ’ nuu iu ’ a l  Iu ui ten ut ia l  u mf ’ thu is pantict ular steel can st aten et untainuin ug iunly t r ad es i d

’ elultu r idu’ . j u st as st i ’
he’ — uu  ~ihiu ’ rnth Ihi5ml l i l t’  — t t ’ e ’ l  wc ui ml u l behave ~ts if ’ it were t hi,u /u’ t h a t  thu e’ d a t a  taken u cnu a ltiuu s in umnuu ahl iuy — in
m n l c ’ n l  l uc i d  e ’ i m r % u ’  if f ig .  Hi . S t me ’ l u  l uehas ’ii cr . if’ m l  st e ’ re a lternuate ire uniuensi ec nu le ’ st ’ .  m u  3 . 5 f ue n(’r llt s i uu h i u nuu
u uh i — u ’ r ’ . c ’ c l .  uuu ighut f i u r t u l  h i l l ’  hi ~is i  f ’mur ‘.~i,’c ’ if ’v inug this t’hlucnielr seul t u t i ut nu at rum ic nl te’lulperattu ne’ are us uu ’ am ui ng—
u’ !,’ I r e c u - h u u ’ m m i i e ’ a l  tr u’atn uru ul ) t ’ a t huu melie ’  prcct e ’c hi t in ( .  f’t ml in pnedict imug thur i iu’ rfu i rruuanu e ’t ’ ucf thur sam ulu’ a l l tu s

It 1111g b! ii.’ 1cuui lu h nd c u lt thua h — u t ’ hu a pru u c’ed um ne’ m u  a i r c raf t .  Vu’hu u’ nu s l m e ’ hu t c ’ s l  ulata at - u’ i nu hu ’ u’ i u n’u ’he ’ei lc~
h u e ’  j ’ l u ’ i  u — u k t m n i l l f u u g u u l m ” t i t  t hu r s lanudard nu l’t huciel s u u n ut ’ c t u u e w i thu e ’ xh t ’ m usi ’ .m ’ f ’iel(I ex lue’nienu c’ . lilt’ data

‘ u n  it  ‘ u u i I I l I ’ ~ hu n i l l l u ’  t r ~m u ’ t l m u ’ t’ in sh m i ii h Iat t ’ , liii ’ abs c u— are me’anumnig f ’t it . haul h ut’ u’ , un u ln ihc t i t i t u i i  i t t  c ’ s h mu ’ n ’ ie ’n i e ’ e
u t  h o ’  •Iii~u pl at e ’  s i m ’ u’ l  i~ n i mut i t l l ’ a — — m uuih n u imw exp ressahile in quantitah is ’u’ ten - n i l— i— ih un ku ’ s

‘ ‘ ‘ u i .  h ii ml l i t  l i e ’ ,  I Iuu ’  h i ’ n u u j c n r a t t m n t ’  ucl ’ I ran us it i ci nu here’ ,

Ill
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It is ,‘t ’ rhai iu t’ui hl y Icu  i id’s ig t l  f u r  a sustain med w uunkim u g sluupitug line in fIgure 9. O ne wou ld s uhuluu is e ’  thuat th i i—
s I ne ’ s— eq ual t i c  a nuurasured 5CC th ures h miulul s t r e s s , line should intersect the threshold s t res s  h iume at s umn u ue
hmuu ss e ’ s e r  c’art ’ f ’t m ll y - thtat  ,Ie’t rrnuu iuiat ium n i may has- c’ beeii value of flaw depth approxinuating eit h er thin’ inuitial
nmm adn . h ail rallIer a sizealule uuuarg iui mumus t hue left. The surface roughness 0f the spec imen cuf c-i se ’ s lu t t l e’ vaIue~u’t ’ as uc l u (‘icr th u s n uuargiuu is that unknu ,cwiu st resses f nucm e f  the flaw size commensurate with a ny  u’ uu rruu ’ . i i u h l
he’at t nt ’ atnu ie ’iut , f it-u p. st’eldiiig. amid thic’rnial expa mu- pits which may have fccrmed. In fact , hoss’ever . a’. nt ma ’u
— t ut u are’ time ’ c ’ a t ms e ’ s umf a nuajt u r ih c f  s ,’n’vic ’u’ failure ’ s , be seen in figure 9, thur intersect ion is at abe i ut 0,Of in
amid tunic ’ ch ute s n u u c t ss’a nut tuc runu ti me risk thuat utu km uucwn (1.5 mm). Either the estimate ofK,5,,. i-s huuu ,  high. if lilt’
—h n c — s e ’ s I ntcn ui suc h cause ’s nuay elevate his design concept of K14,,. is valid f u r this allecy, uur ‘ . u t t u l r extraiir-
— tm - c ’ —— a bmust ’ t h e  ~( IC threshu,ld stress . ous phenomenon is entering. In any event as i u uat l u ’ m s

.‘~ms atteiuipt has been made to harmonize the frac- now stand, one w uuuld have to lie giuvi -’rrleei h’. buil t t ime
hel m-n nuinchan ie’s ternu K,,4,.,. and its implications to smuuuuth specimen threshiculd data aiid the frae’tur u’
huehuav i,cr muf 51111)0th specimens euf the same alloy, mechan ic ’s data. The thres huculd data fnucn ui i uu ui ’ ut i i
which wa s 7079—T651. K,,, ,. was est imated to be 4 ksi specimens is incapable of taking acc’ icunit uuf t i l l ’  u-f-
\ in (4,4 \1\nui 3 2)  Fucr the sanse nuaterial . the fects of flaws, and clearly fneum the sleup ing line lu nuc ’
t hureshcc lcj s t r ess wa s fon d to be 8 ksi (55 MNm 2). can not be safe at the threshcdd stress level w it h flaws
The yield stnenugthi of the nuaterial was 67 ksi (460 present deeper than about 0.06 in(1.5 ninuh a’.sun uuing
\I\nt 2 u , It is instructive to compare the implications the customary surface flaw shape . 10 times as long a-
ccf these data graph ically,  as shown in figure 9. Insert - deep: likewise t uni c is not safe usin g the fnacturr
inig the data above in the Irwin equation (eq (1) above) nsechanics guidance below that f law size,
anti rearranging and taking logarithms of both sides . It seems to be the present status uc i ~ I C tu ’u ’ huuum l -
ucne find’. that the log euf the stress in linearly propuir— ecgy that curse nsust act upuin t h e  t t i ,u’ . I  h u l ’ s ” in iu is t i c ’
t i,cnual t t  the Itug of the flaw depth a, as shown by the SCC characte nizatiuun data. w hetburr they ui ’

J i l t I 1 1 1 1 1 1  I I I h T l h I ~ I I
uY .S. 67 ksi 
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Iii .1 HI ‘1 ,1’io u uic ’pt h i~ I-P~ O, s s u ’iti,,r u ,cI’re.,s . .shruuu’lng 1/~ re,,h cu/ c/ st u- u’s ., / , i r  ,,/ u,mi nu ’m ui/ i , , ,  ‘0 ‘9— Tt5.5 I r,ui/e,/ Jul01’. “ -i , ,,i’ k’ - ‘ ‘ - ‘ - ‘ h.,,’~’ , m u. ’ ,
‘ ii ’ ’ ‘‘‘‘i n “1. ,.,,,, lent — .. I.., ‘‘ I “ ,l I .,,, a I’’,, •, ,eI ~’ l’’ ~ Ii,’ uu i~m ? u ’ n.,I I ui ‘ ri.nig,, Iai crc, i,.ui e ti~ m,,kr,i ‘‘~~ . ~~~~~~~~~~~~~~ n’’,,I,I ,‘,,..,,,‘..,, I ‘ ‘‘‘‘t’I’ ~~~~ ‘i ’ ’~ ’ ’ ~

r ,- , , ,g,, I . , , ar , ’a dl r i , , , , , ,  mp’-I,a,,i ,-. . I .ut . ,  ,,,,, ul u I r ,,,,,,,,,,,.I, 14,1 in t , r ,’ ,Iiu I t \, , ,  i , ’t ,r i’ i i , e - il
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I hine’shi d e l  ti ala ii’cut n i s iuutct clii st inc’i uuic ’ n m — . I ra,’t ii rc’ VI . Referenc es
nuiec’huani n’s uhuta , cur data I rc iu ui u ’ u u nmsta n ih —i ra lni n a l e ’
tests , and ji m the’ ah m s e ’ um u ’ e ’ id I i uu s lh i t ’  iu u fucr nu mat iummm t c u  ~j j :m-~~~. Jr., it. I... Sj ur uu~~Is . I). 4 ) .. u,uu I Piiue’r. I). I’... Itauulh ’
the contrary , it is a prueie’nh remit ’ tum ass um e thi at Iiuui uk ,,lu ( . , i ru , , s uu ,zu It ’ —t n,g u nIt t’.s a l u a t c u u u , . VeuIIualIu if.
secnsewhiene’ in the st rue’hunt ’ there’ st- il! pnuch aiulv but ’ AiIiir. lit. John Wilr~ & S,,uis , ~ cw York. 1971, p 231.

-st resst’s ed ema 1 ttm thIn s’ield —t nu’ru gl hi. 
‘ 121 ~ ru,ill,. II. 11. auu u l Pij tru . 1). 1.. st re’s ’. u’,,re’’su’iu, i-u ark mug u~u

Iuug h —t r~’d ugl II rh  e’e’I,. aci u f u,u tutu,, nu in and dlinluu:iu flu uIIu,~ — .I hit reader “ iuuceul d apprc c ia t t  th ma t f t  is I mh muura h i u us  It F II, Sc,  I’uI \asal  Ru ,‘aru I, t alt ram c’s a 1,11,1.
5(:(: chiaracte nizatiicn i t u ’ — t — ant ’  i t t  t luuna h iucu us c ’ um i ui t ui mr — h u h , t) ,(: ,. t8 19721 ~~

. 17,
able w ith the ii t’— irrcl serv ice’ lift’ Ill ’ tt t uis t st rume ’ tim re ’ s . 3! I’aiku,,’., 11,. t u urr u.su uu i u .  ‘t I .  32, \,,. 3, tu 205 I97(,t.

and added cuinservat isni takinu ” l i i i— — t a l c ’  ui affair ’— ~ ~t’~~’”1’: I) . 0.. sll ,In ,Uku’ r . M. it.. and ‘t~akh.J , t) .. F,saluuuu -
Iui , !u ‘ it r( I’’ —~ , ‘ , i rr , , su u , ui u- u-ai ’ k u, ug ‘.uuni’~~uul IudIul uu—iuw ~ I u ,  -

m ntuu accoun t is st’ arra nitt ’ul i l l m rt he ’ r l uu ’ u’t mu ~g Ia l i lu na hcu n’v u -
~ Iul,., Il~IflIu 5 I~ ,’lunil l u u ’r . F’ ),ua l tt u ’ l , u , r t  ‘in’ ( i , eu l r ,u ’ I \ .

5CC data tuu enugimiu’ rniuug prac t ic e. ~~ 8—21487. ‘thus 31. 1973.

t.

t
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CHAPTER 3

COPPER ALLOYS

I. .‘tllov ~onienc.’lature lu’s ’ . iii’ c ’xt u c ’ t t ue ’ f y  I tu l i l fu le s uumu i t ’ , a— st i l l hut’ se’eni . It
s hm muu lci  ice u’ s(ue ’ ( ’ ial!y nu u uhc ’ cl t h at re — c ’ t ’ ni t  s t uc l lc ’ s  is it h i

‘l’ht’ atucum u id’ arnauigenie’rlh m u  c r y s t a l s  iuf ’ iuem rt’ c ’ uup f cu ’ t ’ l opper smm l i’atu ’ at i e f ~‘umppt’ r iiitratu ’  — iu luh i e u i l s  —luggl ’ — I
f ’ace—cr ntt ’re’eI ceml u ic’ . amid as !uu img as tht is ai’ i’amuge— t h a t  — lc nt te  iii ’ tIme ’ su ’ rs - iu’u’ f ’a i le mrm ’ — se m n im u ist ’ u i tuu hiasu ’

ii) u ’u s t i — ret ai uie’cl i mu d l  dppe’r al Ic’ ~ . time ’ ) a ut ’  ulesi g— I ic _ c _ n m e ‘atm seel I u\ a,n ,n on u: r ut a\ h a ’ , u’ I uu’e ’ n c ause—el
umat n’ d eil phui al ltus ’ .. s h i l l  as alp fi u m hu m - as — , II’ a luras ’. u’a tlmt ’m ’ liv .sUI/ ute— d ir u i / ra t e  it u i ~~ tm iic it- n’ e ’ iunic h i t iu unu —
c’ uni ta irus numu u n ’e l u a u  ahccte i t  35 pe ’r e’ e n mh /.mn m ( ’ . g r a ium — iii ’ a ~uc ’n ’ usm iht iu ug mi i i— grn iet ’ati uumu uuf c ’ cut u, ’ e ’ mi t n ’ ahu’t i c’ l ut uh ud ’ r
se’e’ ,c iud p h ase tertuiec i be~te, appear anu icdmug time al pha  suuhult ic unli ’ .,’~Is ud sl ime’ dli time 5CC failure s ulc ’ (’ tm r r in lg iii
gm-a iim — . Thte beta ph ase has  thur ah u unum s arramugec l m u  a thue at uu tu usp he’rr aniui ahtr i iue m i u ’ u l  t e l  an unuuj nu ia iuma s itair
hcuch- —e’ente nt’c l e’ e mb ic la t t ice.  Brasses ccuntaiuiium g bu it hu lucemu caused  im lste ’a ui hu) s lu l tu r  dicuxi d i’ . cu xi l lc ’s iul ’
phases are tnrnut’d alpha— u cla brasses , ,‘~bove ahj uuut im itniugeni . cur uct her c uunmh atu i i iuat i ts . us d is u ’ tm ss u ’ u I  umue ler
40 perd’c’uit zinc ’ h ue’ u l lt \ s  e’ iu iss ist muf all bun—ta grainus ‘‘~~CC in Ot Ite’ r Etuvir u it i nue’nts ‘ below ,
and are termuie d beta brasses , Beta brass allc uys am ’ e
iare in e’ ,uiuit nerd’e , iuut a few am -c ’ pruuduc’ed ium Ee mnuipe. 

‘ ,

Ctippe r alluiy s are ntut st rt ’ imgt hue mmed 1u hme’at t reat— A. ~ ee~~~ar~ Conditions
liuu nit. w it h few ex ce pti ic n i— . nututabl y hue ’ ry Ih iui um c cc lu—
per. But time ’)’ are (‘cun uineunu !) stre uugt hte niet l Icy- d’(c ld Th eir are f u r  c’u d ncj i t iuu n us w h ich m u—I flu’ nuueh f i t ’ —workmm sg . Orclermng reac ’tleuns udcct ur dem u’ uuig ani , ueah mmug f mne a i mu nuu c t ij aca l 5CC uu( ’curs:
cc f  — uc r u ic ’  alluty s , a’. st ill l)e iiuited , but thirst -’ reachii c ns
are n e mt emsed luir stren s gt imen it ig pur p ils e- ’.. 

‘1 ~~The terni hurc inze was umn ic e ’ reserved f u ur u ’ tu pper I ( at er

al lo y— in whmic iu t u e  pninic’ipal alloy additi c tuc was tini, ~~ Ox~g us
but thin tertn has h eenu debasi ’ u l tic thue pcuiuut that i ts (‘i ) m e n uue ’ s It e ’ s’.

cisc —c -r \  c’s l i t t le more thmaui Iii u-xcl eude thie nearl y (1( . llu ) ucf susceptible c ’ u un s pusm hiuu n amid strue ’t urn
a It —e u u pper alluuy s and time nearly pure binary c ’eupp e r— (5) Am ui m ut e u nia

Zi nd’ al h um ys h rasse ’s(.

Considerimtg t hc’ sc ’ in Iemrn
H. Ammoniaca l SCC (1) Water must be present . preubabl - in the ccun-

densed liquid state : a film of moisture on the metal
surface suffic ’es to cause crack ing if other conditions

-~niituddniacal conupuiuiicls are generally believed Iii are- fl int , It appears puissible limat thuere are hu’ug r tu —
be the principal su’ u’viee eussi ro nme nts c ausing ~~~~ s u’ uup ic d’ uurrum s iu ut u prccdt m e ’ ts  w h ic h c’atu prcuduce time
j ul ceupper allel) s . alth uuuemg hi th uese are kneu wn nuct te l  hue’ ael lt eeu em s m Ini heh iev ec i u ie ’e’es s ar v in an atu uscu sp huere
the uun ly u ric - ’., 5CC iii t h e  e’mlppen/aninucunuiac ’aI s s s -  well abeuvc’ the clew peuint . -~us examp le ecf crack ing
tem has uuften heens termed ‘‘se ’a sldns c r acking” II) at t r ibuted Ii, thin acti uinu cd dehiqt mesc ’e nit conutat uu i
le’ach ing authiuir itie ’s , luut there is a lac k of unanimity ruats s and an uuut h uer exam iule attributed Ic - c a film of
iii defining this term Iu vanilius authiurs and niunut-~i— c ’uunudensat e c ’ae msed lu’, u h ’w—j uuuint  c und it ieunus will he
u’Iature cccn inu itte e ’s . Tht’refucre. ted avoid any pmd sih)le ci e’ — u’ r ihued, -

‘
c ’ uc nfusiicn . t u e  ternu ‘‘ an i ns udr u ia c’ a l SC( ~

‘‘ will h)c’ his l ’dI  ( 2) Oxygen cur an clxidiiiuug agemit nueust be present.
lucre in”tead. thuuumg hu es’eni s~ u it — h tu uml d be umn ders tui ocl unless t h ere is ats imudependenit uuem nc e of cumpper ions
t h at t h e w crd ‘ at ut muunmaca l Is a d’uun s - e’ nuc’n c e’ un— m u  slul ut i umnu , ‘\ t u ex a n n p le w ill lie gis t—n i illustratinug h i uw
tended tmu ius(’lude amines anuel all ,ulhcr specie’s which jur u’venting ac c ess ccf ox~gen i -s a prac’t ical strateg y t u u
c an react wutbu e ’ctppen t ic pnu icht mce ’ thur u’Uprn c ’ — avo id amns uc uuu iae’a l 5CC iii suu nuse ’ s i t e mat icuuus. Time
am nutenium c ’ cn u pl ex ic c n Ic r t uer h uat us structural l y s inui— huighser the u~xs gen c ’ e um ’ m te ’ ms t ci f tile’ enviruu nnueust t u e
Ian e ’ iun up lt ’xu ’s . hu ighuer is the inue’ ide nuce - cuf 5( IC (eith ie r nuecu’ssars’ far’ —

If dine learns ht tst lu as uu i t l  animddn iad’al 5CC. a tuurs beitsg se mpp Iied at lul kept eumuss lanut ). i c eu t quant i ta—
large prdcp i u r t i ddn  icf the pract ical ~( C th reat Ii , t’ucp— hive- data are lackinug.
per alh c u s ’~ e ’ at l  be pre v en tt ’eJ. Nuct um i u l y  Is mm nuui c ru ia c ’a I -~s a c ’uur uc ll ar - (dl I i) amid ( 2) . anu h uy cl t ’ i , i i s a rn n ud d nsia

I a rnajcmn hazard t i c  c ’ tu l u l u t ’ r  alltus s . hut -m t it is alscc isaving neither w at e ’ t ’  u lei r d iX) geti is quite (‘tuflij ia tib le’
th u , ~“s( (I -s ’, ~t em 11cr whu i c ’ iu s t e  hiatt ’ hus far time ’ nmuu s t  st ’ ith s (‘cupper alltuy’ s . es’nmu liudls i’  wh it - hi  are iuig huly s I ts—
iruher c ’dc ns l uar a hdle ’ lah i iu ratimr y data a nm ul hmel d u’x l urr i— (‘ej utible tu u  anuumuuniaca l 5(1 . t’ iuder c’ irc ’ uum uss hanuu ’ rs
u’ruc ’c’ , We w ill t iut re’f ’uurc ’  t reat an unu ui cnu iac’aI ~ ( C as whuere c md mutr u ul  n ueas e m r es may ’ he s, u lax that u i n s t ’ u ’a nu — Jt h e ’  Iunin(’ipal t l l l u i c ’  id ’ t hu i ’. u’ h ma ictu ’ r . the reafte ’r t rt’at imug rout be c ’c ’ rt a i n tcu cxc ’ le mde water ccuntan u inua h iminu . it is
he’ u t  he’ r at lec~ / e’ il’. m u m  n u uc’ mit “ s — In’ nus w hic ii dcc O uch fit u uf e u  cci rs u’ tunis’ hue’ Itt em pleuy (tm - a ss e s is’ hic ii are sos—
f i lm , t ime nuajlcr grtttmp. ‘l’iut’ su’ ucthe ’ r ‘~ ‘u s t u ’ i i m s . thucu t ug hu u’c ’ pt iiule’ t u u anun uu ic u miae ’a l S( C. ‘l’hm i’.. is t rtm e uuf tankage

thud ’ ) bu ave ’ beeru ru ’ s iu uu ius i bhe h ui st uc r ic , mI l y for f i ’we ’ t  fit iings in highway tankers used 10 transport agt’icul—
“rI It . fa i ltures th an anu nueun uiac ’ il l sCC, e’alu t l e ’ s t ’ r t h i t ’ — t iur al um n lm u,u j a lu lit,’ — dun tu nuu c ’ r arid ss’hu ic’hi upcun
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u i i — u ’ h ua r - g i ’  it ua s Ii’  ~iemr ge ’ c I ci i t ( m ‘,‘,‘atc ’ r in a i m i un mn mt ’ m’ ‘l’st’ uc ap~u aue ’ z u t l ~ — uu t tu l ,c t  ( i l  l l u I h u ,~ uuid ’ lh Iudu h~ Iii j i l i u i h i m i ’ u’

t rea t ing an 5CC hma / a i ’dh 1c icss ilck c ’ u cmsiumg I,’ ak— , N u t  t ime ’  ‘ .a nuuu ’ u I ,  , I u u u t , i m a ) ~ u ’ I i u ’ i , l lu’  t i — t l y  , l I I I i ’ i u ’ h , I

‘o i ls l ’uu lmlul  lilt’ Iu’akin ig a nui mu ic ui mia hut ’ hm ’ uuem ( ul e —s cuum i u ’ , hue m t rd’ s me hi m al — t u i — — u ’ — . h~t t ’\ . i l iu lthi ’  f u n mi u iu ug  t i ihu inlg iiy
iii t s i t h t t ’ n  t i le ’ ’.,’ t auike ’n ’s a m’ e’ used h u m  h rj m um s luuurt luu’ ,s ~uull im ug ii t hm , u u i mg f u  ch i t ’  s s u l i i u u i m h  i n m h , ’ i u m a l  — u J j i ( i i i l l
I u t u . ’.’ .u i u’u’ gas t u u  m ut i h i t v  plants . amid il a c rac ’ ke ’ c h f ih t ium g s i t uk i t l g i  Im ’as - e ’ ’. s a ’ . t ! s  hm ighie ’ r I d ’ — l u f h l , t !

t i  sute ’ im a tauuku ’ u’ shm ucum l e l leak gas unici thu r gas igim ite — . a pulliimg u u t c ’ m  a im irmhu ’ r imal suppucrl u , u m u uau i dl rt’ l u l r a u s u t u~ i .
ih ua ~~’t c ’alast ru d j u h m e’ ( ‘cI t - m id e ’ n msum e . ‘ l’htc’ rc’ fui rr . t I me ’ I)r— One— w a y  In m’ t ’ml m cu v r t h ut — luazarc l if ~‘( .( , u ’ a u i —u ’ u f I’’.
t i a mt t l uc ’ i i l  id ‘h’ i ’ammspu un’ t at iuium rt’gulati umni ic j un’ u m ( u i f uit time ’ c’ ,c Ici wc ,rk is lid amt nm u ’a I time— I u ruue him t ’ I . h ceu t I I,’’ r ,’aulm ’r

it c’ d i~d~ut’ r I c r  an)) uc i’ its a hlc uy s m u  s h lc ’ h t  ta m i ker s u if ss’arriecl t h at re mm m um v in i g  t im e ’  c ’ iul u h w curk lu s artnme’a l inmg u—
t f u c ’ — e ’ t t letal’ . c ’ uunum e m ulti ( ‘ uc mmtae ’ t  st’ i tE m t i l t — laclirug. . \cute mu g ua ran t ee that .s t z - c ’ s s c ’ .s uu f  hiui.arul ,utj s mu mag ruu t i r i f e ’
I bmc ’  u’ uu n u ’ .u ’ r sumh i~ it u hmt ’ u’ r: \s  will iie — , ’ u ’  ii . pemre cuu ~u~uer nmay iicut iue re— i uu truu eiem e ’ e ’ c I lu) c ’ s u ’ i u  uumi lu uur se m lu sd ’d l ue nt t

~u im u l ‘.i’’ ,u’ral i i i  i t s  a l l uc ys are luigh uly- re’sishanit  t i c  am ul — elel’m,rniat iuun. eve-ni u fru u~upm mig the a nmn iu ’a le ’ci art icle
n t ic in l i at ’a! s( .( . . Beut itt t i me t ra ut s t l dc r t a t i ud r t  ini(luslry f’m’e u nu thin bench ho t ime I’Iuu iur !

z , , l u u u I , ’ d u ~m lu c ’ ,’ pt’rsldiirld’l c’ a u lmi eut  tIn ’ e X[i( (’Ie(l Iuu kuieiw If one c lc ’ c ’ ieles thin’ l a c t i c ’  t ,u lie’ used h i, H5’ ddi t l  ~“ ( ./

u nit ’ ~iuuu t u Iy t—xc ’ l imcle ’ s all y u—ll uu w Icr reel shrume ’ — iii a givenu prem cle mc ’ h iuie’ Iudes re ’ uuuc uval cu l ’ c ’ cc lc l—wo r k
tuir ,ml , m! I uu s ” , ‘ . hrc— s se ’ s .  iuc — lila’, elt’(’t Iii ‘.j uee ’if’y u ’ mt ( uu ’ m’ a full t u ’ u - r -——

,3~ 
‘J’,’n s i/ , ’ stj ’,’.s ,’, nulums t be’ prese ’mit . anti t h u e — iuazaref — tall iza tj uun ) anneal iii alte rnuativel y a st r u ’ s —— r , ’ I u i ’ t  au l—

‘ ui — It ’s ,’I nui~lt iuu ’ um n i ly a sru mahl f ’racti c u mu tel’ t ime y ield neal . A c  hievemenl uci’ fem ll an,uealinug d ali hr s’e’riijrd
— n n e ’ n i gt iu ‘ u r  hiigimt ’r eie pt’mudinig eu l u c urm time alleiv am m ( l thin’ by hardness isueasure ’nuents’ ui ii’ leas i hulc ’ I  buy nurta l—
c u t s  ii’e l m m l ! u e ’ m m t  ‘I’l,is —lu ’ s’. uiia)’ hue se up~u! ied II) w ,crk — Icugrap hic exami nuatit ini. eur if t I me ’ j u n iuelu uc ’ t I— ilnie’ t s luu i ’ —d ’

tug — Ii,’ — ’ .  i u i c ’ ’.ignu —t ress ) ,  asseuuui uly ’ s t t ’ u’s , c’uu ld wuirk rec ’ry’sta lh izati uin c ’ h iarae ’t e ri s h ie’s are we’ll kr i e uw rt .  as
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thin u t t iu , ’ — , ‘.t re — s e ’ s as lucuig us t h e ir ve c tc ur suni el ms upudn a c ’eunservat ive sju ec ’ ihlc ’ati u in i luas c’c l din u ’ x t s u ’ I u —

t ime ’ s ,mrtac ’ u ’ i’. a tc ’ t u s iie’ s h ru’s ccl suff it’ ieusl nnag— enuce. Ii’, hicwever , uune’ duues n u t  w ish t cu  ‘ .ac ’ ruf l u u’
t l i t l i c (u ’ , m u  st re nc ’ t em r es uur c ’ lu mpcd m m e r uts likely ill Iue strength and c ’ hu u mu use s  t u u  ann ue’a l uink en u cucughu t ’ i r
rtiac lc’ ‘ ‘I c ‘I if u f ue ’ r alli u)s it is selcicuni time ’ ciesi gzu sul te sse s s ite ’ ’.’. rn ic—f. experinu t—n i at m i s  ma) h)t’ i ted— uleti . Iaf  lId’
is hiie ’ hu a m- u’ in iu l u u urtammt tuu c racking. hut  rat luer t h e  1 gives suunur gcmidance 1 d m s uc h u ‘ - tm - I ’’. ’. ru ’ lm e ’ f I r u ’ a t —
~l~ u s’ .u ”. re’ s ichua i f ’n’dli l m c ’ u u id fu ur mu m iim g (as by p~~~iflg. mist - nt -s and illusinates t u e  wide - range’ c i i  am u nu e—al muig

m ast - m ug. s itikinug, rtull —fcu rmi uug. stamp ing) cur f it up uur tensperatures whuiehi nua hue r u— qe mir e el .  ‘l’btt’ h t ’ n t i j u d — r c m —

asst ’miuI v stre ’sses . inelemding c-’spee ialls’ stra igh t e n —  lu res ii) talilt- 1 are i i ’/ ) i ( ’ (I l  5HI U n ’ 5 11111 ) . If ’ till’ a ~.iui d’ lh

rug ‘i i tc ’ m u u h inug uif pipe’ ill’ tulluing, As a ccirollaru l)f lhs is e’uuld—worked pr~ud umc ’ t as’ uu idinug ~ ( .L uie’ iueflul— c r i t i—
gc’tuera li za t iuun u . t i uic’kenuiri g tile’ st ructural e’lc’iusents is call’,’ on relict ’ mel ’ ( ‘uu l ( i—wc urk — tt ’ m ’ ’ .su ’ ’- . the ’ e ’xa u ’ I
se !uluuni e f’I’ec ’t is’e in avcu iding time (‘nacki lsg prucb lenus in nuinimuni amitueal itug te nh ldc ’ r ’atd mre flutist lue’ iilciiuil II)
t i me ’ apiul icaticunus tuu r wh ich these a l loy ’s are cornmuu.,nlv trial, as il ‘,-a rj es w ithu s um c ’ h u f’ac,’tuurs a’. c ’ u u m t u u i s m i i u i t l .

ust ’c I. -\~~ auitu t i i er cuu ru mfl ar ~ . s i nce cast ings are t m - s n— degree of ’ c ’ uu lc l st- irk. ats c l ns ic ’ rcust ruc ’ t i mru ’ . ‘l’he’ lur e d’ —

~mll~ muc h f’reen fnuu nu resid ual ‘.trc’sse -s titan umsam u— clure the uu is h u m  I t ’) sortie artnueal ing tc-nu~ue- rat ure- near
rit’ak’tl is ruueight priuducts. time)’ are lint H5 fre et uemutl y the typ ical dr ies hu,,s ’ , n, and af te r w ard  l cd  , ‘x ~ uu us e ’ h ut ’
lu i’ ’.u’t buy thue c ’ r ac’kirug problem a-s w rcuught prudducts . heat treated art ic le t i  see ssheth uer it ‘,s’ilI (‘rac k itu thin ’
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I :,i I’ m ’ eu c ~ I I i i ’ ,—

t l i i i l Imaz~mr uh m l m m s c ’ni si n ’ e in m uum t ’ii t (l’u’udnmm t i l l ’  h d d m i n u h  Ill s - i i ’ s ’ ,  s l mu ust ’ nm in t a i c le 2 h uc r  s ~mr i uuuu— u f l m l )  — in as suun’tc ’il c li ’ —
of “ut ,( . 1 1dm (it ’ m ’ mid ’ c m emmmt t ’ m ’ t ’ch in su ’ rs ’ i ( ’e— , ( ) u ml y i n —  gn’e’e’ — uuf ’ e ’ mul c l us cu z’k . ‘h u e’ u ’ x j u c ’ m - i , m m c ’ n m l s  li’cu m um Vu h u h  l i i i—
ti’ ee iumeu il k I— th u s n uum u sh hm ~u/.au ’c Iu mt i s e ’nt ’ , ’ in’ m c im uumm ’ nmh table ’ ii js  t ’ m c m m s l  r d m m ’ t m ’ u l  u ’ x hc ’ nuu l c ’ u l  t u u  a i u c u i u l  I .11(1(1 ii ,
kn m icss ~,: if it is iuuut ~~~~~ t hmc ’ um au a r iu iht~im’s — m ’ s , ’ i - c ’ w h ic h i u h i jdu ’ z m i— a u lu ’ i l lm a lc ’  t d u  , - iman ’ a d t u ’ l l / i ’  a li un’ c ’ —I ,mu lui
— t a r , m ( a r ’ ul 1, —I c~m m s i m ’ dum mr m md ’ lmt m uidus ! bie ’ tu su ’ t l . t t c ’ s s  ( mci’  liii’. — y s t e n u i .  It itiOtlIl 10’ 5 m l ’ ,  u i r l s s u — u ’  h im Ii’-i’

-‘ m inie’k 1 , — i  imsc’ul t i m  cf c ’ tc ’ c ’ t  imi ghu autu l esu ’ i l  nt l umu l u ’ r— t ime ’  st re—sc ’ ”  m m  ta h, Ic ’ 2 a~ d (t ’- smgm u ssum n ’ k imug — t

alt’ — tie’ — — , ’. iii nuuam l) ’ (‘tipper a hhu > s e ’ num ; u lus s  ac ’ i chi l i e ’ u l  liii c ’ m’ i t i u ’a l  Iu~l tl ’ .. Im umt s s hm e ’ m m c ’ cu n t s i u l u ’ nc ’ uh  t cc ge ’ t h m c ’m ’  st- m u
mlme ’ rc ’ ,mrei uus mu itn’ a h e— a— t i me env irc ,mm nume - nI . ‘l’hmis test hm~m — c ihhum -’i’ ul aha a tm ul  t ’x~it ’ r i u ’ niu ’ u ’  hhic ’ — c ’  s l I m ’ s ’ . Ic’s u’I’. ;u rems icl c’
h ut ’ u ’ u u stau ut lLm n’el i,.eel as ,’~5’i’ M Bl54—~’l . hum t h is t ,~st l ime ’ i a — i — but’ t ime ’ c r y  c,~c’ fm j h  gc’ ;mc’ i’a I c ’ Ja ss i l i i ’ a um uu m u u t
the art ic le— is ac id—p it - kit —el I cc rt ’nuii ts ’d ’ uu x iu lu ’ — . m’ imms e ’ cl imm thmu ’  r c ’ Ia t i s t ’  I ’  — u — I a n m  m ’ e ’ u , f  ‘. uri iei i’ s c ’ la ’.’.c ’ ’. ‘f
m’u m um u iiu ig st aler’. ir mir uuc ’ rsc (h fcu m’ 30 rtu i iu iii au a ej m le ’ i d l m s Luhli ,) 5 t u u  ‘ . e ’ j ( i i l l  m l  l u k i n l g  — lut i s t  um m m  talulu ’ 3 , ‘l iii’
sec ( e mtiucm i iii’ It) g 11g2(NO :u 12 ( 11. - b g if ’ te ’ t rah iyc l r ’ a le’) I mc l r i s t  t t l mg i mt  t im —i l  t ’ ’ i  U u t i m i t d ’  u l m i an i t u t a t i s c ’  Iir’ c ’ s t ’ u i tLu —
tulus It) mm m l u’ meiuu ’ t ’ ui lra tu ’cl Il>sO;u per lite r, amidi l i u c t u  t h m & un l  I’. — h u m s ’ ,  ii nm i ,m lu k ’  1. h int t l uc ’  u lata arc ’ — iuml l lls
exan u immied l’uu r c r a c k s . \ uu lc ’  thiat th u s is n~ ut nu ee ’ e ’ ssar— u lc ul a ’ ,ai la ii lm’ f l i t ’  it . n m c m n u — it m’ c ’ n’t a i n i i l m a t th mc ’  c t uma n m l i fm—
ely a Ic— st 11cr sumsc ’e ’ Iut i i u i l i t )  t I m 5(3 h,eut rat,iie’ m’ a quai— i’al i im n i siu miml i l  him ’ i u m t u ’ n j u r c ’ i a l ihc ’  iii ~u i’ 1id’ t I u e’ —l n u c - m ’  in
itatis ’ e anuel pudtu ’nu t iall) cle s t r umc ’t is ’ r tes t heir  residual Iumai tv a t t i i l i t ’ a t ic uu m ’. si c’ t I me mmmcl  kum uc ts  u ’ ihh ie ’ r  h um ’
— i re— se ’ ’. ~ll (‘upper a l i c uss.  T ime mumer c ’ l i t ’ icus nu iln’at r c ut— umu t ime ’ d ’ mu n uu i d le ’ h c ’ ml audi1 u I~d c ’m,mt i um g — h ruui ’ hu i r c ’  uu t  ihi t ’ I’ll’, I—
s irudnur ne —nu t ac ts nuuc ur’ r rapmdls than a( imt m mofut a ( ’aJ coi l— re uuuiu mc ’ uuI d l ’ s  ‘mit ’ ll. \Iinuu m l uui i 1ui ml ’ i i i t ’  mum a hmi ghm l’u
rucnimem its: hu e mh at h u t  s l u t — — c ’ — I hut ’ nuut ’ u’c ’undm us nui l m ’at c ’  c ’ u— t c h i iml e ’  a llum ~ — mmm ’ i t  a— u’ u n’hu .i lge ’ hu t  a — —  30’ ? Zn I l masc ’
num a v um ic t c rac k mu artiu ’ lt— ‘ ,shii c ’hi c rac ks ialhueit s l l uw ly)  t uu ,t iut ’( ’t i I c i ummu l l  t u u  a l t t ’ t ’ t  — lu ’ .u ’ t ’ I m h i ic ih ih )  . Uuut t u m u t c ’  iii

m m  a i ’cc nt ’ n ’ imh ratre j ai u u n m cc nu ia t— nviu ’ cu u mmui eu ut. ‘[ humus 
~ as ”— ta hule 3 t h a t  h ut’ — numa l l  a t t i u l l l u u l  mci  f i in i m hi uu ~ h dut ;r it u ’uh

m u g t i me nu uerc ’ emruutm s nitnahe ’ he —st i-s nuuu guarauute t ’ c ’ um h i per u ’aumsd’ — t h i s  ahIm y t i c  h I t ’  ru a m l u ” t i l u i ’ t ! )  d l

agaimust — c mhc s rc iu e ’ nu t  f ’a ilum rd ’ m i  ant a iu iu utmum uiac ’a l emusi— sems ( ’ c ’ Idt ib l l t ’  c ’ 1mue ’ guur % t iu am m th e ’ piu uu s~u huu u m ’mm— . f r m ’ u ’  Imu lu g hu
ruu nm nuiet it .  a n d  t h is tau t h,,s (‘~me m - st ’ d expenus ive tail— iuitc ’ h u e ’ m d l d u c u ’ r .

l un d ’ s , m u t hu i— rc’ s Iut ’c ’ h t h m u ’ ( e u m u m a r m  sta m ue lam ’d DIN—I 785 Other all uu y ‘. i m~ust ’ hu rt -ni r t ’ t e i u r t u ’ m i  ‘ . i l— c ’ u ’ I d t i lu l t ’  l e m
sli ghtly uuumcr e e ’ c m nu — e ’ r s a h ise’ t h a n  u ’ t mstmmt uiat’ ) t . 5. an uu uiucun uiac ’a l 5CC, h u t  lilt’ d a t a  a id ’  nu uut u’a s ml ) t u m i d —

— t a m u ul a rchs , f’umr l) h\— l785 m all.’. f’mur te ’sh iuug km res idual iua rec l ss’ ith u 1 1 1 1 u s d ’  i t m u m n i  ssi i i c ’ h i ,u i i le ’  3 ts ,u— n n ua e h c ’ .
‘.t I e ’ s ’ . u ’ s in u ’ , u n ie f euu —c ’ r  tenh ’ imug lu ’, dust ’ uu l ’ alt amuinuui cmii a Thirst’ n tu i s m ’ t ’ l l a r u t ’ c u um — ai lmu )’ . ant ’  C i i—5i— ,~1m m : ( I i i— t im :

~ut nuu c usphunre is henu —~ m agreed h,v t lit’ nuan ufau’t ore-u’ Cui—5i : Cem —\ i—Si: ( 1 cm— B c ’ :  zm n uc l ( I ui — A I—h” m’
a nd t im e ’ c ’ um stmuuum e r ,  51 ,‘ ln iu m uncia iii scdmuu e h u n t is tIm e f i f t h  aii m1 a !— ’’

Bumt r u d e  that sc ,r lme al lum y s alu m um immunu hrim umzes uubvil,us) e ’ u umlei i h im u i m imc— e ’ t ’ ssu m r ) h i m  u’ail ’ .u’ a m u um u mi u nl i 1ud ’ a i
6 19(10 and ‘ 63800. and alem nmimi urn brass C68800) 5CC. ‘l’hmri’e art’ ahm uii c s h um nu l ci ’ h iu ’sa lc l’u uh i s e ’ r — u ’  a n d

mui a) . w henu auiuiu’aled ins certa in teruiperature nanges , uc l m h igimsg sl l lmru ’ l ’ s uu f am uu rmtdcm u ia. iou ~uic htu ug thuu — de ’c ’a ’u um l ’

tn mc lc— rgu u ai m circlc ’r iuug rrae ’t imcms wh uie ’h may imie ’nease all s uu r ts  mcf  h m ) _ I u n u m u ( l l c ’ h s  if nu manu ) l is iuu g uur g auui — nms ant i
time t le gre’e mci s dm — c ’ u ’ i u h ihu i h i t )  t i c  anuunus c uniac ’a l 5CC eve n thin du’e’a’u Ill h i l t ’  d u r g a t m i — I l l s  t i tu - nu is el su ’ — . c ’ ht ’ u ’ hr ic’a l
th u muum g hu part ial stress—relief ’ h a s  umce ’ ui rned . Hemice the’ su tcurms , — i ca rk mhi—u ’ I lu i t ’ ~e ’ — . — i l l um e ‘.m~lu1c’nitig f ’! i txc ’s
nm u ’ rc ’ u in ’ uuc i — m u i t rahe tu ’ — t ,  whu ich c h e c k s  cm nl y for me— NH CII , amid agrit’uiltur’al a m m tl  u m uch ums i r ia l  u’ im u ’ n i ic ’a is .
s iel imal — I t t ’ —— , ~ ,u t  — l m — u ,’ Iuti iuihit ) ’ , is neil as cedl s c—rva — Th urec ’ e—xa iuu i m les is Im i c ’ i m h iat t ’  c ’ aums e ’ ui 5C( I imu 1 m i i i u — —

t u e  a t t ’ — I  l’mur thirst’ all uc — ii— art ar i umuuuu nm iac’a l test.  pimuur izec l c’dcpper t tmi inmg e msc ’ uh mum imt ’a t in tg  s ’~— t e ’ r n s ci mI l

~s u u h t ’  a ls uu that a m - u .rt ic ’ le ’ sumc ’ h a— a e ’mcru de ’nser tube il lunstra le’ thi n’ dh is ’ t’ rs its ccl ’ i u u um mu m lln iu — u u l u r u c ’ ~~: a i
mimi!) lie aulc’ i~mi a t i ’ b  anne—a lec 1 c~r st ru’ ss rel ieved cc t ul y am ine-s use d as f ( ua n u l inm g agu’ulhs m u  Icmat n c ’c i  d ’ u d i t d ’ l u ’ t u ’

t i m  hia se— s lit ’ s— u’ — u u t  darige nccu su Ic-sr I re—i nit reme luced by used tcu insulate’ umn ud e u’g r ucenniih ~u, pm’ ’.. ( ( ml  latd ’x au h iue ’ —
—.tra ig bitenuing. c lenut in ug , c ’ e m t t i n u g ause l de’huunrinsg. u, r im— — u s e - s um ed h I  lay sm mi ) l  t i le u t ,  t l ’ u u u r —  i i i t ’uc ’t ’ cl II) e ’ m d ; i —

~um’ uc per inms tallat ic ,, m, F’uur t im , ’— , ’  rc’ as md us s t ’ uu nsc—rsat ive  per tum bitsg. amid ( e l  auuuuu uuun i 1 i— c’ u mr l l a immi n m g age —nut— u i—eml
ld rac ’t ie ’e m l du e ’ s ru th rel’m sem lel y cc ii anuneahinig to avu ,id hut c lean t bu mc se f l uum urs , N u t  um nil ) c all 1unu ur t idlmiia hue pr Im—
5CC. cluc’ed huv a w ide sa n ’ ie ty m ul n ’e ’ ac ’ l i imnus , h ull ,mi lc hihiiun ia l ly

nif ’. ’r’,cm m u a t t —Iv him seri f ’ ,  adec iuate ann ealing fcmr t here  is s ud uni’ e ’v iu l t—ui e ’c Ihuat Il~ ’ a uuun uui cu l ia — i i
— t i c’ ’.” relief the-re is nh pract ical  a lte nuuatis u’ 01 Poteli— (it-iced m u  cli liute s , u le mtimmuu t a n  hI m ’ e ’ Imnuu ’ i ’ n t ra hu ’ l l  in
t ialls dt’ — tnuuc ’ t is’ e tests ,  thmmu g hi ucne may elect tem c’murruusim d n pit ” b an imnsc ’x iul aiu ur u l pm- il l’ — — . It
u ser—a n neal atud t h mn re ’ lI’u sm uf ’teiu t h e  ailed)’ en uiceug h that unt’uuns niumnu fcur , ‘ s i c b ’ t l I ’ e ’  if imnll mmu uu nl ia .s ur r nu ,su ’uI h u m

hiardruess t In nuic’rucstructure can h)e used as evidence fsave c aused SCC i In- nm mi s ’ . iu mg at t ime - t imr t e f I lm
mcf the sl i t ’s-s relief, ( Iumi u ervat ive pract ice limits ansa lvzing a failenre . wh it- lu mu iay hIt’ Iluun it ’ hiciug af ’t,’r lilt’
straig but e ’numn ig h unass tumbing after final annealing 1cm eraekc’c i itc ’niu ht~m ”~ but-em s re’ uuuc ,’ ,e ul I’r um t u i  t ime- l ii ’ ,
2—plane straig hmlc’ nui nmg and disallows re m ’ary- nuenl l’auis inug c racking amsd has hut- t n elri ,’mI, \himu ’ m ’ ‘ri
stra igh te n ing, this id t ’ lmm w ’ . int’l. 4 !)

I - b c  ‘i (I ( 1 / / O r  euJ .sii.se~p (ibIe compos i t io n ar id  .str n c— Organic’ anuinlu’s an ic i his u ln - a t , r um ’  d a n— I ’  e ’ I u l m t u l ’ r  itIllI) —
— tare— is a h’tc urth amiel mc bv iuuu s) cecn eh i t iud nu w hs ic ’ hu f l u s h  I mu crack Iii u,x)-gt ’uu is lurt ’ su ’tul I. ami d it Is — , I l l u e ’ t l l l t i ’ —

hut ’ flirt brfu,re anummmn iacal 5CC is a prddblem: t iiu~ inp lit’cl that t fu m- di l d sum in, lu st elt’ c ’ uun mm ~m m m s i nug l e u  ~m n um—
t hu— g re-u’ cf s i msc ’ u ’ t i t i h c i h i l s  cliffc-’rs enumrmlui ls l ’u ,umu iudnm g n n mdnumzu. \su anu a l tu ’ i ’ u t a tmsc ’  antil nuuu , n ’ u’ rt ’as i ,nu,mhule ’ Ill s — u —
u’i m i m l u e r allum v s . One nueasuure cmf degree m It  s eusc’e ’ ~c hihmi l— h d ih i h y  , ~uc ’i’ hma tms t h i c ’ ’u si ntu l dl ’t tut’n’l ’m , rn uu a m ’ e u m uu ~ilt’x int g
u s  i’. lim e huig huest “tress sthuich t h e ’  a llcmy will se ustaimu imu i’uu l t : mint- I ’ ll) ss ihh ium i i l  t h mc ’  i nmhe’ r n ll u ’ c h i a t e ’ mll ’d ’ u m uu i ( mml si h i l i ul

ii spc ’ ’ifle(l enms’ire ,numc’nl w i thuc , mih crat ’kiuug. 1)ata u t  rel. 1511. In an) m ’ s , ’ u u t  hiiu’ 
~~~~~~~~ 

ani c t m uue i u , u j u l u d ’ I

t h m i— — uu r ’t l’nccn u a ‘‘ su u’ i usm u n l c ’ r ~mu ’ k u ’ r ’’ t’nu’,’ in m m nun s e nuh uurc ’ a I lc us s f lmtu) nuihr i mg t ’ iu i uu us d ’ mc nuu p i d m m n ui l  is huic ’ hu h a —  d um ’

~~~~~~~~~~~~~~~~~ :.~ .. ~~~~~~~~~~~~~~~~~~



- ~~~~‘ . ‘

Ci*pt-H .Ai l . Iui ‘,

‘l’siuiy 2, ‘I ppru.u.u to, at c’ sua:at turd tef l i i le ss r e ’s~Jor se u ’eru l c - upper ulluuus it, uuru ,aunhisk/uere at 1O?~ , ‘tH,,~ 
4(~ ~~~~ balar u i”c’ a,,’, at .15 ~t’I 

_ _ _ _ _  _ _ _ _ _ _  

“ 
_ _ _  _ _Atluuy nualut e Alliuy nuiurihte ’u I c-nuper k’,i~~~~~~~1\~ u

I .u u — 3I1’’i \u ( :715 (51 70’ ,e’u luu c ’ t i ueui 85 38.5

Sitnu ,’ tii m u ntc ’ C6470t) 75’ 3 red iuu’uicun, cugc—CI 81) 550

Cu-3017~ ‘ui (:715451 Aruume ~Ie’u1 60 410

FIIg}u s ilit’mmi i hruu,izu’ :e57,SICI 6 hard 30 345

Cornmemu,’ial brcuu,ze’ I0~k Z~ I (:220(5) i t,~~~ 40 275

Elec t rumlv i ic iuuugh imitc h c’uuppu’ r CII 000 An u uue ’~ leet 33 241)

E,ow hurass 211’S Znu ( 2400() I luarut 35 240

~‘,l nuc’ br ci ni’zt’ C64700 Siululiuun ureated. aftc-iJ 20 ill.)

High siIic’uuui bruundt’ C65500 .Auiutu’akd 20 1441

Admirafuiy bias’. — Anunueal,’cl 10 7)1

Commerc ial llrumuurt’ I III’S- Zu, , C22000 Axunse ’aled 10 7(1

Low brass (20~ Zol C24000 Annealed 1(1 711

Anitimonia l Aclruiira liv brass C44400 2 hard uur annealed .5 35

1.umw sIlj u’uun turuuna, C65100 Annealed 5 33

Cartridge brass C2600() Annealed or c old wumrk ed <5 - 35

\lsmn tz metal C2800() Amseucated iur u’ i u lul wuirked <5 <35

A dmiralt~ luras’ . — 6 tiard <.5 <33

a After W hittaker ( I I .  c~lu I it iflg data uuf Th ilmpsd un and Tracy 21.
“6 hard” eU . : A n ar luitrar s eucpluu’ r indusmrs - ,ie’ale ,,l hardness doe’ II, c’ uld wu l rk ranging frium I tuard (ap l u ru ux , Ruickwehl 8681 i mu 8 hard
lalucuUt 8971.
These st ress es are not to be used in design. See ne-xm.

Tt~ u .t - 3. Re(an in’e s u s c e pf l ’(ui ’(itv of copper a l/nec to amrzuoniuscal capability of forming consp iexes resembling the
a cuipric-ammonium complex should b~ considered as

Very Iu,w suu ’.u’t’pIihuiI it~ Cupr unickels. ” tuu uug h pitclu e’ud lu- potentially causative t.cf SCC as ammecnia. unless
per. siliccun brlun’ie ‘ proven otherwise.

- . The effect euf ammonia reuncentratiunis on cracking
Luuw ‘-ii— , , ‘l ,I uliulul\ . Phm,s1uliuurizm’ d u’ueppl- r kinetic’ s in variduus alloys is not kntcwn quamstilat is’el~’ .
Intermediate si usc ’ epni ltilius: Bras-se’ s c,,nu naining lu-sr than 2O~i 

There is a recent ademp ted AST~m,l Standard Recom-
Zn, suc h as red lurass. cmlmmer- mended Practice for ammuuniacal SCC tests at one
c’IaI hruun,ze. aluminium brum nze, constant ammcdnia cucncentratiurn. designated A 5’l’\!
nut’ krl ihser. Iutuiuslulul,r lurmun,,e. G 37—73. but this test is valid fur binary Cu—Zn alloysdi d ( ),i lu g  mu-ta , only, It is lut-insg nstudif ied tu l include Cu— Ni— Zn allccys

High ‘ . i u ’ .u ’e; u l j l u i l u l s  Brass c’umnuaining , , s e ’ r  211’S- Zn . (nickel sih’,’ers .
wiil u uur wjih,uui — u t u alI amuuun ,is imI
Fib Sn, Mn. ,ur .‘~ul t,uic ’h a” * * *e * *teacteci Imrass . ‘~u~ val lursiss. ‘~ui’
m rail i tu ras ’ ., nIanig~u nut ’ st ’
hrum,i zu’ , uur ah,unh in lil uu bra s — . Eve-ui uf all fIve of the ahc cve cecn elmt m onu s are nset.
t Ilt ’ higher uhe ‘/n. II,,’ lirghe’r and if’ anuutng these , stress. susce ptibilit . amid ant—
the s um s e ’ e p iuhui tu u s , monia c’udnd’e lst ratitunu are at Icr rue-ar maxinsuni

h uaz ardt umms leve-ls, anim uuuui ae’al St It ducesn ’t niec es—
.‘~fuer t ti ,unulu’ .uuru IS,. sarily in cur immeeiiale—hs’ . There- is a finite pc-nod
I,er I,,we’s( ;uu..ru’t,i dluill t ’u , h o’ iruun, in 00— III i’ um luri ’ r ,uu ku-I .hi ii~liI available It m I ,mke’ preventive- mea~emr es . alt hsuiugh
Bun nmut e ihai Itu is altuu s i— leigtthi “ uisl ’ , ’J i l ihilu . iii ~‘~( t : high I lie-re are lid ) ditsant n l a l t v e  rules available huc fix time-
temperahmirt’ — I , ’ an , .  ‘ ‘ lt’ngt hi lif t lit’ gnac’t’ peritcd . .~~ il e’xann imle- will he- c’ ih eel .
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( :uu m’C F uu \i.i m u s s

hucc ss ever,  is h mic ’ h m si-ill (uu ’m nui it ul t ’ u l umu - inmg — uuu u mc ’ t  hu imug t2 .4 ,m ,mu— al ing u ei ta l ls  um- oid .s t/ m e pr ob/ euiu bus m m
alum nit t hie lt’mugt Ii dc l t hi-s l it—rim cci I’m mm clime’ — e’ h c i  c u  mmm ii i— one’ ( ‘(t ie u-u .s not  done .C0uIm enough , El ig h—zi nuc ’ brass
t iud ns, 

‘ , , 

is ruulled lt d ftu mmn time ’ scre’w shells used a-s bases l’ucr
I hue p nest - mi re’ ml t ( )‘. is utc it a mmc’c’rss,u r’, dl cumu l ut  mumnu i nmu’a m ueie ’se e’mut ligh t  hcul hcs ammm l u I tug lust ’s . Thu— st ru’ s—u’s

tmmr  c racking, hm uh it u- s cuhu ” .t-ns eel t i c  speech up thin ’ after f’uu m ns u inug are h igh , thin ’ su m -s e ’ u ’p t ihuhi t  mel t hut’ malt’ —
process nulankedhl )- . C umrr icsi tcnt pits mu m cdt huer st re’ss rial is m u  th e— hu ighue st <‘at c—gory . amid ec u ’ c ould c c mnufi —
imitensifiers al - sum tiuc riot se-curt ted be necessary cec n idi— dc ’mutlv predict th at in servic e tIm m u  stucrage utuanis tcf
lions for inuitiating am ummccm uiaca l ~CC. but sorne time shiells wuduld i evrmitua ll y r muc ’ ccumu t er u— mmmcug hi wale - n.
se ’ rvmc e ex peniemue’e -suggests hhat plug hy pe dezm nucifi - anmnuudnia and ucxygen hut  s,uti fy all renua inuing (‘ucnsd i-
cat iomu niay speech up the in itiation. Ceirosiomu pits may ticu n us fuun cracking. But amnmecniac ’al 5(1(1 dumes nm ut
alst i ac t  as anus nu tucu u la u’ mcnu c ’ u ’ nt ratturs am id / icr e ’ cmmme ’ enu — udd’c’ur imusta nutanetuu sly , amid time - re is usually arumple-
tn a tt m rs cmi  id ler (‘huenuuid’al spec ies . t it t i c ’  hid ge-h time c em ld —f ’uummed shells in hmc an amumi u—a li mig

furn ac e’ tcu mm mc cv ,  thur fturm uuim ug -si u”ss t -’s , After pntcprr
B. Case historie s anic l other ihhn us tratiom us of an unea l im ig the -s Ire - s - s is suf Imt’ie’nt ly luiw 1 cm asmcid t r d mu—

priuteiples hilt’.
But there was trt,uble in mumme c ast ’ dese’ rih eci Icy

ill 4 ca.se ccf’ li qu id attr ibuted to deli quesc enmce. ‘l’hddnupstmmi t ref. [ 3 1) : During a u’ mc ld \ew Englan d
~ pninigs eu-set - I in central ccf ’fice telep h oni c- ~‘quipmume nt winter mIne ltd of shelli~ cidlel—fortuie di in tune building of
ss:t’re muiade of higimlu c’cc ld welr keci n ickel silver inickel a plant was trucked 1cm anutdther building Icc hue an—
l)ra s) 1C7 5700) and ij u~utaJ lc’d m u  a usuc nu inally uir’u - miealed . If the shells hsad guune inutuc the anu mse a hmn ug
spac e- is ithi preuvisiuln f ’mcr a ir c ’ ice ul iuug !‘nuunu thse ’ outs ide furnac e at once all weuuld have- been we ll. beut this
atmosp here. tmef. [61) Some of the springs ultimately particular let  arrived itt the- annealiuug build ing ttu em
failed by 5CC. Let us chied’k tummt uue m r five n ec essary late dun a Friday afternoctn tu be annealed t h a t  w ee-k,
c’munc i iti imm is : W ater W as not expected tum be presemut , at and mill the follow ing Monday nue inm uimug thue shell-s
least iii thin ’ c i ummc l r t , s e- c h ph ase. but atmosp her ic’ were found to be cracked by thse themusands, l.el us
c)x s’gen. huig hu s t r ess , and at lea-st intermediate sc is- analyze this case by inventorying the - necessary duc t ) -
cept ibilitv were present , and minie migh t  assume the ditions for cracking. The stress and susc’eptibi h ils
pcd ss ibilitv m f  ammddnia unless cccndit icum s s were sut’hs were high, there w as presumabl y at least a trace ull
a-s t d d  affcird e’cc uufld em ic’e t d f its exc le msi eu ns . Thin’ pnimblens ammonia present in the annealing building perhaps
ss-a It ’ expla in 11mw . in air euf leuss ’ humidity, the mcu is- fmons chemical pncicesse s . and of (‘ulUrse. ainstu-
tu mre mequireme-n lh w as met. Care-ft-ni examination me- spheric oxygen was present. But what abtiut thin’
reamed thin’ presence of particles of airbddmu ue solids , requirement for nioisture? The amuneahing building

• including ni t ra tes . w h i ch could deliqemesce m u  aim hay- was warm , w iths air particularly h umid frucnu nearby
ing a relative hiumidity is lulsv as 55 percent. A-s a pickling and cleanin g operat iuunls. l’hue cold shells at
result ncf labddrattdmy lest - s wit h these cc h ids . thin’ c’c un— luuwem thanu receim temperature tm nudtcubted ly picked ut i
e lensate suu pruudtmced icn the brass surface fruum air u mf a t h in filns elf moisture whuicis alecng with c-yen a trac e
lt w  hemm iciitv was cddncluded te d ace’ounut l’umr th in’ elf amfllt lnia would he suffic ient tuc ccunip lete’ thin’
crack ing mchsers ’ed in service. Incidentall y the air- necessary cuundit ieuns fc r  c racking. If the III) had
huem mne n itrate turned mi t - mt t i m  be am nuudnt iennu nsj tr ate been warmed and dried wit h heut air, mum even mItre
whuichu is used a-s a fertilizer , simply if i t had been left ecuts ide ins thin’ cold, dry a im.

• Time tac’tic chcusen tel (‘uu ntre) I the pmudblem was tuu Ihe cracking would probably have been avuu ided. Of
sw itch t uu a less susceptible alluuy. cupruunuickel. High course , the safe r procedure wrculd hdvn’ been tuu mtcd-
stress and thie same emuv ire)niment including prese m ns- ify the schedule tu l ens-sure anm ue’~ling inurnediatrlv
ably the same anumdcm u ia suture, were still present , after forming. The incidemit shuuws us that fu ur t h ese
but se ubst iteiting an alludv two categories lower in st is - conditions the time allowed Ill gel thin’ aminsea linug
ce ptihility was f icemnd lit afford the necessary se c ’ im - started before crackinug start -s was slime-thing Ii ’s
rity, One might postul ate - alternative flue -a-sure ’s sud’hu than about 2½ d ays .
as filterin g uc em t thin ’ airhuturne particle- s. dim zinc d ’dl at — 131 Sometime,s mater ials of lou’ s uscept ibi l i t y crack.
ing. abumu it wh ichu mucre hiel euw. Phumisphuomi zed d’ duppem Cl2200i iic used fmcm water luilce

Th is case illustrates an impdmmta nit d ’ I m m ucl ’ pt : t h a I  in great dluanitities. The ahluc v has a hiw susceptibility
w ith water anud mux y ge nt re-d imm i re’ mt ’ uuh~ nue-l , uhit’ t urt mh ua — ltd anunitmnuiaca l SCC amid itt tma ighit lenugthus i e ’um nu—
hility ecf c’rac’king is a l’uu n uu ’ t iuun te l’ t ime ’ jumim i t au’t iu ins cml ’ mulnl’u’ sum pp lieel in thue ’ full)’ huamei ( ‘ d cn ul i himc nm. B u t  thur
h u e  — I re- — s . seu se ’ rpt ibuhi t~’ . anuci anunuumn i,m e ’ uun l c ’ u ’ n , h ra — ~I re’ sse’s f ’mmun u e’tuld fccmm ing miglut bu’ experted ti
t im u n. Th is ,xtm e— me ls i nu l dudr t Lm t ui practical rt ’ la t ium nsl u i iu re—lax at least (car t iall)- huec ’aumse euf rucl uns i tenu pt-r al enru ’
is f l i t  cj um al mt i t i Lm h dl t ’  hi)- u’\ ish i l ug elata . and ucuir i— mc’ — t ’ me— ejc . anm d in lunu)’ ese nut thur expen’ienc’e i-s t hat anuu —
ui iue ’e -ci t Ic ti-s ing einua litat is ’e ’ terms. In h im— n mi u ’ kt ’ I  si lver nuitm niac ’a l 5CC tcf t hu is  material i-s e’x t m u—nur l y mart’ . Ihut-
instaru(’n’ the “tr u’ s— was c’d -rtai nul) hii ghu. thut ’ s usd ’ e— I it i — sim s c ’e ic t ihm i h i t y  is low , but t h e  slme~~es ,t fmu mnsun ’ di  dm1’
bihity inutermediat e . anue l thuu ’ ant nuulnu ia c ’ i un u c ’ e ’ nutrat i t tnu hui ghu. l’lun’re Is l m s u m allv adee lemahu’ I ixsg t ’ n l  anti n u m u u i s —
pe rhaps Imiw h u n t  penhiaps huighi I m m c ’ a l Is eh iut ’ t I m  thur hunre . anicl em uemeug hu au’tunltc!uia is prm cc l i mt ’ u ’t I  s u l n e t -  us i m c ’ n , ’
ree luct im m n m u nuitr ,ute tu l  l’uc m nu ammt mnu ia ( , I.tcwer ing Ihut ’ l c d  e’a tm su- the rare- l ai h tu , I’ hut omue imu s ta n uu’c -  t hin’ e ’ u ’au ’ k—
— I u — u c’pt ihihi ts f ac tor n~ut h ue’ r d ras t ic ally- I)) liii ’ —I mh l— imtg initiated front the uulih i mu, ‘shill ss a— att r ihuu mteej 1cm
.ct it e mti ucn u mf c ’ em p n m m ni e ’k c ’ l  s e m f ’flceeh t i m avcmid ~sC( I l’s e n ,  ,uni fl hmdlu ia pr ut eiu me ’e ch id) t h e ’  uhu ’ u ’ t , ,~ ~u ius i I i tmn u ut m iat t up
thc ueug hu the udthu en flm d ’tdc r— rt ’ rn main eti umn ut ’hai uge ’ t I . ,mnuinial h a m  iii ft— It ins uula t iuu iu s iumrti uu t ut i imu g t hu Id i Id u ’ , Iii
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h w u u  tmt he ’ r e ast ’ s t hic’ aumu m u m u u m u ia siae. c ’ mu n mt ’ l u m ti t ’ c I  t i c  hia t t ’  hue ’ e ’ uc umsi t i rn ’ m — cl . ( - lii tIme ’ sh ell ‘ —i u l t ’ , m m ~.’u ge ’n i  u ’ ,it i  It-ak umi
h m e - d ’ uI ht mm r ri eu i hi~ iuu ic’ u’ um b ial di t ’e ’ ud n u i p mcsi t i uunl  iii e’t t t uh im i g am id . if’ au mm inie. uc u ’ ’ m’ t’s ie im iu u l aum m u u u c cm u ia ~mn ,m i us , i ht ’ u , i r m ’
us Lmhc ’ n ,  lii im t umm t hit ’ i  h a m  mit d’iiS t ’-s immsm mhs - in ig  res iulenmtial al - sum Iure ’sn’ rut . thu e ’ ce mmmt i i tmmcu m s fu n- c ’ nL uu k m nu g . c r u ’  l eu l—

~ci~u inug. t hue — t l e ’ — — u’ — uu- m ’ m’ t ’ ahhn i hmu ht ’ d i  l td stn’ aigh utu ’ nm mn ug lllle ci , On thie ’ t eih uu ’ s tu it ’  ami ) at li lliti mila J mn mmm h m um ’ u ’ c i  lm i l I , c ’
mci  t ’ um i l t - u I  Iti lle . ami d t h m u ’ im uminu m iunm i a ii Ld s s imrm uu ise c l t i c  el t— e ’ eu n uu ! )m dsihiui n m cu t  eurgamm o ’ n mu , mh l u ’ r  i— i u c i  l ucn u g e ’ m hd rm mmg
husu’ c ’ c m muue ’  ln’ ,m nuu la w u m t’t-rt ihizr r, ‘l’cm e ’ i um iuhmasiie h u e  e i i lui te ’si hI) imuc ’ cumum i ui g wat e r .  Lu ni m l l l anmgu ’ t udu m- s  Ie ’ u . e ’ I —  ‘‘I
u’anit) mcI thnu ’ uu’c uln’me ’n uc ’u— ccl ’ ~ ( II , in this nma te—n ’ial . it i-s au u ummieuumia rumay h ,em ilc l cu lt . If ei i hmc ’ n —li i i ’  i u f n , I l t u d ’ u I ,

imm — t muc ’ t i s t ’  h i m m u utt e ’  t h a t  th it- t w u c  c a —u’ s c it e— t i last wc ’ n’ - th iert- is a hiazai’eI hhmah wahm -r  anti ant i mum u dumi a  — i e u m t u i ’ —

thie um nil u hw’ m t f ailures mt ’ p m m rtt-c i  um (m t tcf ’ 50,000 iu ist a hia— muma v re tu uaim u imu iuiic’ku’tr ii ,,uu i i c ’ — anti 1mm “agginig tumh u c ’ ” .
t i m m u m ’ . m u  thin’ sanut’ area, Auun it ’a l in mg is an cubs Judus way ‘l’wu , shrateg ies  arm’ as’ai lahc le ’ h u m  as umid hIt’ t ’ n ii u’kimi g
t t  m reel O c t  i hue luaia mci if ’ a (‘tint pdcru e nut is scuff le iemit I y p mu mbk ni cun can’ hu s id e’ cc l ’ t hut ’ e m  inmu It’ mm — u ’ r, II ‘ii’ — ,
cr itic al tum pistil)- the simet’ ia l trea tniemul . 1uemnuu its . t hmt ’ shut -Il s ide c arl hit— flt lt — t I is it lt i’ Iu ’ani f e ’ -

I’’ l lanu h igh lv susceptible al lo i - ,i are used sue— aerate—c l w a le-n . wh u i u ’ h m shticulu i n umi n m m m m m iic ’  i m m—l t ’ ak ~m gm- ‘ i t
i1 ’ s s , ’Ul l i  , \lani tu m hme — a u ud— s h m e -l I  hieat exch mammg n’ms are idx)’geIs amid alscm mimi nu in uu ize tIll’ e ’ uc n mc ’ t — mmhrut iucu t  ut t m —
ui—i’ll hit c i i i  Ii em nu i~m i m m c e  muie le nuse—m ic ,lmid lou’ acm x ihiarie-s m u  ieieiu~ml anuu miii m u  a: m mm it cant hut ’ cfra i niu’ui . t /mor cu ug h h
sar im ie m ” kimmuls cu t ’ s te— ani l~ tw’er plants. These nuay be dm’in’cl. a n d  hulauiketu ’ei w i ih m u ui t n cu gc ’ i i  l’uum c ’~ I u ,m i i d l i i —
tu m bee l w ith c ’upremnui (’ keh. particemlarl y in n aval power alien’. ‘flue tu huc- s iclu’ l ilt) hiku w ise’ h uc ’  lulled w i t h  ssa le— r
plants , hm t mt ic mm u’c ’ecnuu d ns ) reasons c’ent mal st aticun amid left 1i: on it c ’amu lie— ci rainue —e l — ci rie’cl . auni u—— iIul
I cmmw en plan ts are largely tubeci with alemminum bra-s-s addititunua ll)’ Ililedi w i t h  m uitmu lgu — mu. ‘ l’ Imu’ nit —I bma za ru hi u u, —
icr w i t h u  Admu uiralt ’, hdr ass . hoth i hui ghilv susceptible t u d  la )—up ~iluat iumn u i— III all mcw rilhmer sit u ’ t i m rt ’ nmm ii ini ,‘uv-
~nnun iccn iacal 5( (1. Althoughu thie brass tubinig is ( ‘us— tj a l / y  c’icv rre-e i withu water. ‘ I ’ h m emmum e m g hm e h m mni g I— ih m u ’
t mmnuam il’u seipp h ied m u  time fully annuealed con d ition and pmefemre-d stabc ihiz inug pritc ’e-durr elurini g a lum nig lie) —cu l l ,

thm e u’um pmu unicke l tt - u iuinug l~ 55 sus ’e— ptib le) in thue II is a cdcn im tm md ni mm d’c’ eu rme — nie ’e’ fumr a c’ cuu uu p le tu ’I~u la h iri—
t ress.melies-etl e m  undit itmn . w lien tuhimug is expa n ded c’atn ’d e’ uc nu ci e nu se-r 1mm mc I  h er hmc ’at e’xe ’hmami gt-r t cm h u m ’ m l a ii hi

l I t  i mu m num time ’ se-al at thue teul )e shueet danugeru utm ’. sl ru’ss,’s alemnutinum brass cur Ael muui ra lty brass Ill hue u i l ’ l u u t ’ r m ’ d l  i iu

nmav hde i,ut nccd umce d in thue tube if the mumllinug hecu l l is thme site where a large l’edss il— f ’euu-I Icr  nuuuu ’ Iea r hi lca c- r
a lltcw’ed tuc exte’nei Icevomue l the inner edge- mcI ’ thin ’ te ibe plan t is se’hueeiulecl 1 m m  Ice’ hieu i l c h thtne’ e ) c ’ i i t —  cu r  e ’ iu ’ n i
shm ret . I nu uue’hi c i  mcdi nustanc’es thin’ t em hue is expanuc le’ci . num urn’ huefumrr t hit— plant is llnual I) d’u mmii plc-le’cI . ‘l ’ hum ’ I’ m dli—
and stresses ann’ pmume icuc ’c-d ins t h e  ucemtt ’ r surface- uuf ihue de nusn ’m already huas hIm’ hui ghuly s um s t ’ t ’ i c t ihml t ’ aII m’, c u m u l i —
t u mhce , A— if ’ lii i— were nui ct e nuucemg hu c c l’ a hmazaru l , c m i  thur t iu l ni nuc’l. lmn’qurnutl’u w i t h  sh n ’ e ’ssc ’ — l i uu n uu  h u m -
steanu ishellt s ide an m nmu m mm ia nuuin’. Ice lime -se—nut dime h u m  st mai ghmte ’m u inug anici mm cll imig , II’ mm m i hue ( ‘ i c n s t l l i l ’ t u u m r ,  — l i e ’
dec’tumpecsit im un of anuinues suunuet inues e msec i 1(1 c e cmutm uc l  raium icr etumide’nusa te’ feumnuishur s w a te r  ami d t i m e a h n t u i m—
e’t m nrmm sitcn. t Im perhaps the anninues nua’, hm l a s h ut— e —  st ihuere prdus luirs thi n’ um \ )ge ’ mu , u im ih autunt luc u m i a ru’ iuia i n m — h i d

st— nutial c’udmp le xing rude direct ly wihhuimuh cin’c’ci t i m  him Ide’ sum~upIie— ci t i m e ’ cm nu up lt’lt’ h u n ’  e ’ c m nuc l i t imun i s f u r  t ’ rat ’ki nig.
c’t iuivemt ed to animtum uia. as inueiic ’atecl ald l uv u ’ . -~u imh— ‘I’hme’ auiel i t i u imm uu l ’ th m is last mc- ma iiui rsg m - mmuuu l ihu mu nu hua u u h u i i —
t itunma ll ) ’ , tin t h e  water s ide t um be inuter i umm l thue’ re j _ ucuu — l y h ma h i h dm -n i e —tl in, a muum ti mhce ’ r m el u’ u ’ e ’ e u u h i m l a tu l — . l m ’ r  u n i t —
alsi as - -s the poss ibility of anumu mnia hin’imug j mmt m t l m m u ’ e-d in u t au ’ h at thut ’ t imuu e uu l shui im n uue n mt h i a s c ’  i l u ’ t ’ n m I lu luh iu l
f muum decaying mdmga tsmc ’ n iattem m u  thur ris-eu’inun’. u’ s— u - ra e ’ ke e i  ai in istal latiumnu a Ira )eium’s later, I’ n u u i u u ’ r  I l Lmu ’ k —
tuarine , or -sea water widely used tum c ’ uc c c l th ue’ c ’ u m n u t le ’ n m — aging  Id e ’xc ’ I u m die wa te r  mmmc l a l -sum anummutc m n l i a  u- s flu m c h m s i —
st-ms . Let us, _~t’e huiw . w i hh m strt ’ssee i s,m ~ c’r luhi h mIt ’  m u l l  — t u t u  Ii ’ L m s dc i u l t hmi ~ t l r mm h ulen uu .
alloy’s very pmcubahiy in the presenc e um l ’ an um nu i tum ia b l u r  lu m c’m u ’ ul ih dl t ’  as ii ruuav s m ’ e ’ t u u  thuere- luasu ’ hu m ’’’iu a f e w
adequate substitute) , it is pdcss ible i l l  c ’ mc nu tr l u l  thme ’  m u — c ’ — in w hu iu ’ h i  c ’ mcnsu t u lc ’ h u ’ d i  u ’ u mnl l iu ’ nu s m ’ r s w’ u’ u , ’ lu— a k—
c’rac’king pmucblem well enecug hs fmc r t i me- se allum ) — hut  hut ’ t c— — t c ’ uh c m i i  h ut’ Im lanil —I t t’ umsimig i mmuuru i u l uuia as ih u
s-iable c’amuciidates u s  materials ccf c um n ushr i m d ’ h i cmmu.  — uu r izm n ug llemiuI ‘I’imt’ mmt h m e ’r tucumr c ’ icntm l itic m n i — ss t’iu’

In a well des i _ ird and well tcpe ratee l jd lanut .  t ime ’ ~u Iu - e ’ac ls rru u ’ t I mmn u’rac ’ kinig. aitel Ihuu ’ anuu nll u l nuia till - t i,,

mm xy’genu level omu the steanu sid e- muumts i u l e ’  t ile air— is a— nuuu ss hmighu. \ l’d’ l lId’ - — h e m  —~ec t l l u ’  l ’mm l u mld ’uu — m ’r — Vu c ml’
memm,s’al sec ’t i ucmu is ledsi- . lumsi’ c ’nucu ug hm h u m  u’ l ’l’t ’ e ’ t i s c ’ I y  i’ mm in m c ’ u i .  Chum’ t~~lcu ’ -sh irt- i is ~ms u ’ t ~uu ’kt ’t i  d ’ mi t uu lu lt ’te l \
re-medve that one nd-e’c ’ss a n-v d ’ im ndiit ilmn im ur c rac kin g nt thrc ughu its 2—in thickn uess , tref. [7] I
all but exceptional d ’ast ’s .  lint thut ’ a im — ne ’ n mieeva l — I ’ i ’ t i u m n u  -~l i n nm ir aI t ’. iir~m—— hue-at ex e ’ l m a uugu ’ n hu i l l ihig I— u i — u ’ u I
where em xvgn’n (‘an hI~ hu ighi unit1 un m mtm u uiad ’ a I c ’ cuuuu — s , i m ’ u ’ u ’ - s — l m ul I y  m u  t h i m ’ e l i1  mt’fl m i iuug unuu l im s l n ’ ’ u m l  I ’
icmtunds ~ure Iike’ly. a lhu m) s - s umst ’ c ’ iut ihc lt ’  t i d  5( : : ant ’  — I re ’ arum — c ’ ucnut a i l mi t lg a lu unuuc m u u ia,  II h a s  hue - r um ge ’ mu m’ ra ll ’u
as’uc idecb. Out the tribe side’ the sl u m i m’ imug th i r iur mg im Il l thue ’ ~t sUnuie’dI Ihial 11 m m ’ t d n m ’ — u ’ u ’ n i u ’ c ’  ‘ i t  hu’uc iru mgm ’ n sm il l’iuh u ’ in
c ’ uuuc h iuug water  is a lmecst ahss a’u — adl d ’d luumh c ’ lu l cme s e ’ nuh h l , u’ — c ’ s t rm ’~m nuus u -u d lu l r ’ ihm i m tc ’ s i mmu i n ului iu i h i i mg c ’ lf r , ’t ‘ t m
t huc - hc uu i ld— imp itt e iamugt — rtm nms I c ’ s u ’ I - s  ci i ’ an inutimn ia. an u m i ~( . 1 , . ‘l’hu is u’I ’fe u ’h n um ~u\ hue’ u l im c ’ iii h im’ Lml di l i t )  ‘‘I h m ’ , u l ruu—
h’a ihum m m ’ s um mig inuat i nug mun time s’,-aht ’ r siult’ art- i c r )  rare’ . ge ’nm snu hilulu’ h e m  r u ’ m i imt ’ t ’  d d x ’ ug r uu .

\ um h c’  t i ua h th e— pr~uc ’ t iu ’aI sl m lum t i m muu is lii l i — I ’  h a l e  t a r —  i huu ’ l ’ u ut l— e’r i id i l5i ~ d I) Iu iu ,dI’hi I’’ ulu’ sigiii nm g a fu u ’ a l
ha l  imit ’ imsiur t ’s . ( I t  thin ’ tu ml u inug i— —Ire ’ s— rc ’ I i l ’s l ’ u l  II c ’ vu hua nmgt ’ r  is t i m  t - l c - c ’ h  a t ’ m l c i u ug  nntum t e ’ r i a l  in i ln u muumm u ’  h u m
n ’ n m lcnuini u’km ’ l ic r tu mh i ’, a,t nmu-a lt ’eI il fur ~m — — . anum i u - ~m m u ’  i— “ut • t m i  all t I me ’ m ’ nus j m ’ uu n l n lb e ’ uu l s  is ium e ’ h i  i l me ’  l’ u m n l l l u m u u ,u ’ nu i
take - n nut t e d  i uuhrudm i m i c ’ e ’  l c m c m  i im u ic ’ h i  a - s ” ( ’ nthu l )  — I i i ’ s ” w ill t ’ n u l ’ m l u m u u t u ’ n ,  II t h i s  im l d l ) r u m il t ’ h l  I— i l dd t  t , ’ , u — u l u l e ’ . m l i i , ’

u h j l lm c ’ um l t  h i m  a i l c i m l t , ,m nmd i 2~ time ’ u u ’ a s g c ’ nm is km’pt Im uis m l i i  — c ’ I t ’ m ’ l —  t h u  iu ,’”t nu m atu ’ r ia l  ss h mic ’ hm ii ,.s t l ’ i l ” l h m l m ’  h e m  l i ” i ’ .
t I c— — I , ’ ,mm s mi l e , ,nntu l t hm u ’ i n niu n n ue m numa u — kc ’ ; uh l uu a u n :  thur ht l nh m l u m u ’ — Im euh nu ’Is t ’ nu t mr c ’ I ’ u m m u m m m i l  — h i ’ —— re l ic ’ s  ru ~
waiu’n — jul , . ai~n nu’uml in i g mci  t I m e , um m us- su ’ n t , lmIc ’ uh  t u m l u u i u g :  I ’ h mc ’ t n u h m c ’ —

~~ hut ’ iu t Iur —i — h un I— s im iit u l mu s i  Im. im c ’ si Iuum ,.a reh’ — ufl ,m — I .11 ’’ ss m ’ l d h m ’ m l  I c c  t lii’ hi i hdu ’  s l l c ’ u ’ h . i h ic ’ i u n I I , ’ u f  1 c m  hill liii’
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c :  ‘ i ’ m— e u -~u i t —

u - r i ’s u- i ’  huu- ts im ’ t ’ im tuu i um ’ au~t i t emh u e ’  shmt ’ti tm ,  ic rt ’s ’enut hut - t nt m m’ i m mui ’ t e -mI  t ’ i f f ’ e ’ t i ’ , d ’  m i  ie m us u’r in ig tine - lr u ’i h—r uc ’u ’ ~et
e’ e u u i e ’ u’ n t r a t ium u m ‘I c u r  r u m u l t ’ m m t —  mum th ur c ’ ru ’ s i c ’ e—b : t hm e ’ u m thin ’ ~‘s ( ( I , ( : rac ’ k mn mg cmi hu n’ cc uui,t’ ,m m’uti,t’Ilt’ m’ -s h a s  a l — u iuu ’e ’ mi
u ’nm t m ,  r e ’ \ m - I u . m n l g e ’r i— —t u, ’ — — — r r I it ’st -ul. t n i ’ f ,  (8 lt m’ rpminted in, smer uid — u’as ,’s si’Iim’rm’ e ’at h m cm d ic ’  I l r m ut t ’ e ’ t i cumm

t .
’u i  j I, ,,.w / um u lel  i l t t i i ’l r s  such ,.~ u - ui/h e’ ~~~~~~~ and! h a ’ . lIeu-ui aimp h it - el I mi  hIlt ’ hieull aiim! h i t — n — h urt’ h umm ui mahul)

,,ueta / ~ ‘ i ’l l, ’! u iunm e’t l r~u e s  i l / u  st rate tim , .SL’ C ph eC i  dm1 e— l c d  t lit’ p mu mIld’1 It-ms as well: h u e ’  nima p-s th in s u — a 1 mm mum u ul

rum ue m . I u u lu h — t uumn u m u ’ d am h ic ’ I t ’ — m u  t h i i— e ’a ht ’gc m rs at - c ’ mm l’t t n u  lm ciruige mm ,nuuh,m it t le—ru m c -nt.
nmtache cdl ’ I r a — — . idliutu’t l b , u l ’t t ’ nt  lout’ sick mumul ’. I w ’ i th m Ship prmm iun ’IIe r-s are useuail )- brituize c ast i n gs h u m
m ’hi r uuu m uim m uum dun — i lsc ’ m’ , The’i muma s — e r ie’  iuuIa e’ t  m ,~ 1• a h ung wh ic ’ hm thse leu li mus s - ing ann’ tIme - meusl reprm—setutat is r aI—
hi m mm c ’ ai im1 I lit-mu t’ ‘,huii lit rap id c ’ ram ’kimi g . m u  s i mimic’ m u —  lu I) 5~ niatiganiese hrucm ize’ . um ickel mamuga nmese bu ru 1mm / c’ ,

—I~inu u -,’ — 11m m’ mini — m t c i i  c ’ i i l u - k i mig h a s  hlt—t ’ hi uhc - hm u u it u-ly uuuau iga nun’st— nickel ultmnminuunu brulnzl-’ . and tu i i ’~ ‘‘m
,( ‘ .“ u i l ’ IL l it ’ i i  i’, ltht t’~ 1idcsuld ’ .. hum e nlma u mc ’e’ In’s els cut ’ anm — aluiuui,uunu iurmlnze , ‘flue um ic’kn’I a lci nui nmem nu i hlni uluzi— unit1
i , , uu t uj im .  — ui u’ l i  a’. t hum ’ uuu t ’i i mtm m mm ahe — u— c ’  iii ’ ii m’imanilig thin ’ ntuangan n’se— niickel alunsinseun t bruumtze are’ pmac ’ t i—
i u u m u m l d i i i l n m u i  i mi ghi iuu anii mut uc n u i ~m . f ’ucmnui u latu ’t l  fcur ti5t~ ~dfl e’ally immm niiu uue t i m 5CC in ~t-a water.  Thmu - ~mt h u— m Its ’ ’

~- uip~ce -r huu ui m u mut - s uu iic’c i l’mur bui ’ a —— . Sm u t’ t h e n -  i-s rio a l huu y s are s-e rr stoo’ep iihulc— lid 5CC . and if th ue c a — I —
u t i u u u h , ’ —~ l ’ lmc ’ t j i u ’  ss js Iii ,m — e -c ’ r t a i n i  t h tm ’  cicgru l’ m u sIte’ s— ilmgs are- tu umt d ’mmu ll n’d ~iuisvly in thin’ meulci , tIn if ’ thin’) arc ’
rc’ l ie ’ i  i t  amm i  I m m  t ime - sc ’  led , —te -c ’ hmn ueeIiug~ lIe-ni’— . the- ~~u l -  utraught ensed h r  weld—r e paired , the’)- nuemst hue —t ri’ s —

lur l uuh i ’n ul t dc ) I ie ’ )  Is t i u  mtm inii u t u iLe ’ LII ’ m ’ u ’ ’— s m ci ’ anuinuu munl ia, relieved te mn’tj ume ’e res iciemal s t iu ’ s ”u’” t mu safu ’ Irs cis
befone the prempt’ llems are plac ed ut u — c ’ t s  tI c ’ ,

III .  ~ CC in Other Environments Shui’ s relief t(-nij )e- ratuiru’s . including t h uu~-su ’ ret’-
unsumeusded hid  fuilleiw straighutenu insg. are a-s fu t l l t uws  fm mm

l,,, i,, s~ tj e g /  ~zu ~l mar ine e ’ni -j r of lnce ’ ,mt .s . Mmiist aim thie fum ur a lluu ’u s nie-uuliecuieei alum ’, I’ (me l , 11111:
u’ u e nul m u h u u n u g  ms little ’ it’. 5 p~ ni~ ill sulfur cl imuxi ci n’ (‘an

““ 1( 1 u ret. 19 1) . it .. thus niuct sunpnisiuig that a Manuganese bronze 320—430 ‘C iôOO—800 ‘-Ft

rec ent extrnim led ‘-yste ntuat ie ’ test pmeugmam (ref. [101) ~s ic’keI Maimgaiue-se 370—430 “C 700—800 ‘-Fl
s hmmuwe d that ani industrial atnucdsphere New Havenu , brecnsze
Cmin nect ie’ut I. badly ctcntaminated with sulfur \1(’1~ ’1 alunmmntz nu none-
ul imu ~ iele hm e mt d’— se-h ut ia ll) free fm mcm animttm uia , e’aused huruituzn’
c rac king 1~f n ut a nu s allies s , B’. ct dh utraui t mc mli) a fe te
all ies - c’rackt-d imi ’thn’ m1aninie- ainiosphere. The find- Man g e-se nickel 450—51(1 ‘C 1850—950 ‘F’ )

j u g— ut ’ thu r ~dnmdg ran um. grt’at l’u ceunc le ussed . ann’ s iiccwui m t  alummnutrm bronze-

t~mh uIm ’  I- . It i)~ t)pi(’ aI cif th ud’ c’ iunuup ln’xitin’ic ucf 5( (  t h a t  after 
, 

niuaj cm r
it h i gh u’ u m nid ’ ,ntnati muns iii’ scmI fe ur tli tuxi dc— (~~0. 1~’’ by s lnamg hit u— mimiig cunu l

s id l n m uu m t ’ i:m airl eumppe— m aihu uss ci mu lscuh c rac k. but hhue~ , ‘ -
m ’ m c r r u d e i e  ref. 11011. -~ntmccnu iacah ‘.tru”'” c’ ml nr ucs itii u l !isce ’llaneous enr’t ronments. ““Ct ,  has hdee-’nu m u ,—

c ’ r~uu ’ ks are ta rnu ishe’ui , ss’ h m m ’ r I ’ Lu — still un el iumxie fe (‘ra(’ks sensed m u  t u e  f ield (amid e ’u un s lm mn iim ’d m u  thue Iah uum n a tutm ’ b
are- hu righ’mt. w huenu nitric’ ac’md fem nies nn’ac’t se- mtlt  —m essed Icrass:

w h ether cur ndlt thin’ am u i nu ium nu iun t u icu i t . as a dee’tcmiuuei ,i—

u uul 4 • 5( • ( I,.)j,,~ ,,,‘,l iu ru, u~ ht i~ii i ~i .s iri ieuu iuu,t r iuu/ ,u,,ui nuu,ri,ue’ 
it IP 

~
) mileluct cml miii ru ae’ iej . 15 iii ’ . ills ed ch um ’— rim ml s t ’ t ’ i uu

,,,, , ,,, ,, ,.,“, - icc hmas- e bee- mm c-st ablushie-c i , “u( .( , h as h eenm uch u ,’.c—r ’, i—cl m u
thue habumratcurv w’hie ui brasse-s art’ str ,’— st ’e l  stat ic ’a I is j ut

l’\ t ) t  ~‘.‘I RtAt ,  \ I I ~~ w t ui u’Iu u -rucku-II : (.26(101 1 l~ :tS:t, -14.1, thin ’ presetmcn’ icf ailut ’d iems - s , mle m t i tm m m s ucf sulfate , tui lmate- .
euT2 . (i8~’. 688, 762, Thó. 7711. 782 acetate , tar tmate.  dIm c’ih rule’ ss hu ic ’hs a t su ,  m’ ,mmi tajnm utup—

~llu ,,— wtui u ’Iu uljcl uuu,t c’rau’k. 2 2 s u ’ u u ,— u’r P~’~ ic ui ms . Thsent — is s i un r u l ’ n’s- ideuie ’e ’ that u u x m i i u ’ s cml ’

Iuunge-r: Ill), 191. 195, 23)1, lOT), (II , (2 -2. nitrogen (g,flematiuig a m um mmmcmi u iaca l s 1me ’e’ i l-~ ? . c ’ a rhum m—
(25. St Ib , 521 , 619, 638. 7(16, 27i, 752 h ate-s . and phitlsj )hatt’s c’ami c ause ~s( C cuf sm ime- (‘l Ip—

— ‘ — — —  — . oem ulIcc is.‘IIui ’~— w h,c’h t ’ rutm ’ ku’u): eu, 2 , 66. II, 112 ‘
Commuln alemmunum bronze D (C61400 ) us susc’ep-

\IIi ,~ — wh ich ,IiiI i,, , u ’ ru u , - k ,  2.2 s e-a r- s u,r tibk ted SCC in plain live steam. Miniccn additiccm ii. of
u - 5 d1 thc- alle~ — s h own d rille r I\- al imusing elements. (especially ahoeut 0.2w ~ nu I as in a

- , u S u l  I n  I u u — , u,d,r a d u l l  , pm m m l ur m etar ) ’ grad ’ Cd tIm e’ sanse l)asi(’ llrmuu sze has be-en
re— p iurhm ’d hel1ufeml in as’ uc iciiuug thse -, prmllmle nu (ref. , 11211.

• ‘ i ),,,ili rig nhu, ’ nc ’ m ’i uu rw a r ul it,,’ l ur e - hi s ‘ e ’’ uurui f nIle — , , f t i ’ ,  ‘‘tn)’’, ~u mhIcm mu bru mnze i-s als~c se isc ’ep t nblc— tc i c racking in
slc’am Id thuu ’ m’xle nut that mu ne aut l ictr ity am huitmar ilv

Hi gh tt ’ n is i l t ’  alpha—beta humus -s has beers unsed fuln pla c e s  a te’nl if ie’ u u d th m m e h imumi i  mcf 120 “-C 230 “F’ muf the-
i’,m ’ .t u ’ n ie ’ r ’— in ‘— , ‘~m wa ter .  hut ju,(’au e- cf r ’r aeking it i— —ieani if s ulil - u m m i hlrmlusze is lid be uisrd with it Ire-f. 1911.

.hun’m nug nn’plac’ed 11% c’i thu e’r alum nuinuns bnilnizm’ mum sil ic’ udn u Semlfanuic acid in the’ e’ ecnucent raticl ns used fcum ele-aniuug
Iummc muze Ire-f. 1911, Manganese- propeller bronze’ is e’ItpahIIe uif causinug 5CC in brass ceundt’n er arid
CR6100) has lIce-nm lubserved ted rmndergcc 5CC in sea hut ’at e ’ ’ . c - hianm g e ’ r Im ilue- s mel. 11311,

w ahc’ r. at t r i hi umte c f 1) su l i t i c ’  I, hc iilldcgic ’a ils iurumcl c it ’e’ci \e c rme ’ ill hhue ’ se’ nu mi -si ’e ’ l l auue’,cus l- ,mrrcd die nuts hma s I’’ —
, l r l , r l uu u n uia. hc t i t  hIs suumt’ simpl~ Id wLtte’h th is brm mnu ,, t ’ e ’ e iv t ’ c h uu n l ’ . I h , lnu g uppr llLuc’hl iuug thin’ ansclunut icf s)— It’nlla—
,- , i n i t , u j n , — Iltet hi alpha a nd bc ’ta t lhi umsl ’— . ilitil lie-a m l it ’ — tuc k  t i mat  an mnutmmu ia h a s  mee ’c ’ ide ’ cl , ‘flu— Ie’ s — uu iu
lrt’~utntt ’nt id u —  t -~ure’ t u u  km’r~u the u - m u r t l l u u u . _ j t i u i m i  ss - it ht inu hm’mt ’ is t huat if ’ um muc ’ is i ’ ec n mt ’ m ’ mn uu ’ u i ah t m imt  a fun tlan tt— ns—

~i~~’ u i t i u ’ m i  Iin u i i— t c m  re ’ c l nmu ’ u ’  m ite an u mu ctu nt iii hmt ’ I~m h um— tally nme ’w c ’ e e n u h c inuat i uunu t u f  c du h l h md — m idllec ~ tu nue l c ’ hme ’ ni m iu ’~ul
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u n-i— e cu ~i, 110”

n’ n ms inu un m u mm e ’ Iu h t ’ munu u ld ar u ’ t l  w i t h  and ) s tum thi u ’ m i mm Ih ic ’ hahumu— lac’kinug. Churm inmi unuu plat imug arid :mie’kel plating h ave
rate mm ’ . u m r c- xpe- ne ’  ric ed iii -sc ri mm ’ s ’ . tIme’ me’ is mit u n ic c t lice -mm I’m lumud effect ive in I lie si I u at it cm m iii w hi’ h it
aeleqemate s u lhdst itemhc ’ f u r  t ’ ucr iu lu e ’ t iu ug a rc ’a hi st i c ’  t est  f u m r  i-s pm’ac ’t ie ’al tcu apply t h uemum.
c c  tin h a t  ilci l it’ . . Metall ic Zi t i ( ’  d l  mating has h,e’c’ :m i’rpi c r1 m’ei It, j i m ’

I_ i qu ie/ time-lu! rruc/uirmg. ( :e- r’t aiim hi q uu itl unuc -t al-s hnighul el’l’e’c’ h ive’ . umum t ime ’ mcI hme ’ r hian ul . ‘ l ’ h u e ’ z i nc m u m  U’u ae’l
cauust’ - s tr m’ —’— c ’ u l u ’ u m ~ q m u ’ n  a l h uc y s  h u m  t rac k, \ let ’ im a nm is l i— ica ml l as ~m huarr ic-n . hue mt thu e ’ re— us c ’ s ’ i c ie— no’m’ t h a t .  ae ie i i—
u’alk t hu i l ur id - u — - s  i— c ’u’ rta inl) thill ’em ’ c’mit l’ruunm 5CC m m  t idunmall )- . cat h ue uu h ic ’ pnmi techi ucn l’nmun ni time— tu n m u’ l aud Ii~n’—

- - aqun’mcus t~mtle u t iiuuus m u  at least scun ut’ u - s h u t - It s  auud it is s e - n i t  c rac king at dlpu’usinsgs m u  the’ c ’t iatiu mg. If zinc
umsu ma ll ’, c’allt-el l i qui d aid er ! emb r i it le-ume , mt . n i mut ~ ( : : , edcat ing ami d c ’ athmuc cli c Ic rui te ( ’ himdnm m ’ aum lit’ p rm isn ’ mm t ie—
Bemt lnec i n m a prac t ic al sta nm c f iciuinmt ii will lIe treated hue - me ice—nu da b le c ’ uc , mtmm il nuie’asumes . time) niLl be l udu m mi di usc ’ —
tcuge—t i ier w ith time ’ icthu er i’ut n im u um i ’ se msta inic ’dl luca ui feil imu many mu u mcm e - s i tuat i mcmi s than ume lw e’usu~d ludy t h un ’ r mi .
c rac k ing w h i c h tIme dc’signt amid mmiaiu u tem m am i e ’ e c ’ uu — Bemi-teul riaz mc le e i t her  as a surfac e treatmnu- mit icr ii ’-
giutr e r n i  ems I e u  unit rc ul , ant m lii hi Id c m iu m thin ’ cmii- m mu cii n it— nt nut a) he em se l’ul i mu

Me-re cur> til gI is iuart ice mham lv tm c le mh dlc ’s dl uu uc t e d  c ’ m c i c —  ~m re- venmt inug 5CC iii ntuarginial ‘ .it ua hiuc nus .
iuer a lhu t y- s . ami d nue i th ue ’r mut c — t ahh ic ’ Hg n muu n it c uc nu m—
imicunds shuleuld hue penummi lted t e c e’ dl n i ta ( ’ t  c ’ mm p pe - r  allud) -s . V , Diagnosing SCC
l’iic cm psi cmi ill u-st mates t he— se mit uusm iess of thin ’ t I.e Ituhdle
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comp lex and is recycled betss ’eem i time dissuchutit imu (:,intruu l,  ~‘l l’ ~34cF ’ , \ .  I k— . I. ’ \ r r i  ‘.‘ “  I u’ —i I l l (  \1,ut. ,

react iucn and the’ preci pitatiuun re-actiu un: and tIme 
7 Th’ tuipesun. J) . H 1 t , u :I ,,,,,,ti,ui, ui mu . I’f l.

st ress senses t u u  h are ruuehai lu> emthe - r crackin g time - [81 t) iIluur, . C, P.. j u n 11 i I , ,  IliIIIhIlIi ill,,,, ,

oxide film mum by caus immg t h e  flue- Ia1 l,u f icuw thirullig im 9 1 C,,lt ,ut,, J, B., n u l u s a t u ’ ,-on,uuu,,u,u , - udl lu ’ u, ,  1 9 /

the film plast ically. me i,sitiating hit, c ycle cc f fl inss 11111 Puu pjulu wd’ll. J. \t antI (rc ’uu rlrlg, ‘I - - , e . r r — , u ,, 31. \ -  ft .

grecwt hu and muptune. Re-cent uubservat ions have’ in At ~ u uu. . (~ iii c Mar,uual I,, \lakin,g Br unt” I’ruque’ llu’ i Re’ -
suggested that this the ucry ma>- recjumm ne fludd ei t l t ( ’ a t id l n s , t ua ir - s .~~ rluu’r icat u Rci ru’a,i if  ~ lui pjuieug . \,‘es ‘u i,r k, u 1972 ’

T h e -  thued lny u cf ~
( ( II) tI the— n nu e e ’ h ia hmi s t m u— ha s  r umut (1 2]  Ijilhiuuru , c : .  I’, ,  ~l,eier. I’u’rfu’ rmuir ,u’u’ . 13. \ui 2.49 1974’

lure-mm es c crked u iu t te d the pi uinut m c f ’ gemm t’ mimI ac re-pta nu (‘r [ 131 Prc ’— l m’s . \1 ii i’ , Pu ui - 1f the ’ tftilu 5,T~ lu u,,m l ~,\ umi e r  I - ‘ uu, t ‘r-

and se’ill fl mut ice inucl ummiem i lucre, Reaeie- rs in u l , ’ r c ’ ’ — Ie ’ d i t t  ~~~~~~ P ‘ l9~ , 
-

- I I-I l t’ugl,. F, \ , h tml ’ iI,,’,ii u ml ~~~~~ ,- ,,r,,,s,,,,, ,- u i- k in ’ ’  , , ,  ,,Il,,, —

this a~ I ,m ’ c- t  w ill Ittud relent—nice II hi a l is , ’ f i u l  — l~umt mumg ii. I). ~ oi ls . u—u i u \ ‘ s I d e , h C ,u , —— u ’ l — , li f t  ‘I l u , I

puli rmt. t r i m , II,,’ u’, u n ,  .,u I I,’ ‘ , , ,o ’ ,—u is  - t i ’ , ’ , i —  I 2 9 1 1
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CHAPTER 4

ALL ~MINtJM ALLOYS - “

‘ l ’ l it ’ n- t ’  iltI’ ummamm ~ u ’u u t i i i i i t ’ t c ’i~m l u u h i u t u u i n u m m n m m  a l luu ~ s h i t s —  I. Ncce’s&car~
- Con i(iit io IIs fOr S( (~

l u g  a w ic lc ’ s uu r i t ’ l  \ cml u’ u u m u m l , u u~ ii lum um . lu ci t  idlI iii I i mu ’ u u m iui’e’
j unc ’d u u in m mnmanmh ly  f~uu - e ’ —c’e mu t c ’ u’e ’ ul c ’ u mhu i r m m  — t n h t u ’ t h i t ’ e ’ , \ Iucst  cml  t he ’  5 ( (~ sc— r i- ice’ la i l unc — s it t  a l u m i t u r u m u n n u
I i i u ’ nu ’ uuu~m~ ice ’ llar t id’ l l ’ s ml umthie ’ t ’  ~h muu - sc ’ - s 11 m ’t ’sm ’ tm l . all uu)- el cmc ’ u ’ uur  hmc —c ’~uuu — c ’  tu f s ’ ,ah t - t ,  isate ’ r S iu l e mm i .  ut uuu~uIm ’ —

in u c ’ l umu h inm g I l l u l cu n ’ i h y  imh uast ’ — , 11(11 tIme riiatr ix mul uml l al— umus s u ml umt i mmu , s , E\e’n’ lm l f u n  h ut ’ u - r a ( ’ kmmmg u ic ’ su ’ m ’ i l mu ci i i i
It ,) 1 lac ’u’ —e ’ u ’ mut u’ re el (‘( m i m I c , h Id’ s u ’ c - t i m u t m s  co t  liu luie l mt ’tal s amid um h hue ’ n -  n i uuu uu um l l u u ’ uu e u —

-~l umn u m i r uu mmuu a i im ’ s — nu ua> hue stn ’e nu gthu n ’nue c l h m y m ’ uc l u i c ’ uu s ir i m n i me n ut s , t i mc ’ mu . s(:~ : m m  h h t is  e ’ Im a phu ’ u’ I— t i m  hut ’
s su m rk Is t r ~’ imu im a rd e —mu i n u g ) . iiuuss - u —se ’ r . tI lt ’ hu iginesh m mm muhe n ’s h uumu d h u m  hIt’ ad ult—m m -s ~u( (

~ ()th it ’ r u’ ecmist i t e mc ’ n u t —
— trm - n i g th t  ~uIluus — atm ’ shrt ’ mu gt im emmeu l lus iuc’aI tm e ’ a t ns u e nmt .  umf ’ thm e e - nu ’ ,i ruumunmm - mu t sn- lu ils - sai l - s imni mi a c i d  lu m mn i t ’ — m n ma s
11 , 1” c - u u l , — h — is  cuf ’ f i t - — I hue -at imug hid uii s~ u us I t ’ u u n l u ’  mum - uuuu u r e ’ t un ’ u m l’m ut m nu u l l  a l l—cl lii i— A - inet ie ~ . um — will l~’ c l i - s u - u j — — , ’ u I

el m ’ t i ut ’ iuhs , u’ um h ui t l ls c ’ uuuu l immg th im ’ a i i em s hum t’t ’ t~iini t il l -s d ’  Iu c ’ I mu ss . i uu mt m u  nuuum—I j m u — t u u i l u - , ’ ’. is-ate—u - i— time ’ r ’ n s u ’tl t tU/
— uulu i t t ’  e ’ le ’ umue ’ um t ’. m m  sm u lut icut i  l smu l ut iucnu lie-at t rc ’ a hi u lt ’ t t l  , c- m ’ ae’k imig ingn ’u— c h ie ’ nut m u  su ’ ns mi t ’ fai lun’ t— s , ’h’ lit’ ii

thmu ’ nn ~uruuu luu c ’ imug c uu tuhn ’ m d ie— d pmu—ci t ui l at iu d m u ei t lm d ’ n ii> — a n > e ’ uunmc i i h i c m mi s  f u m m  ~ ( C m u  uc l uu iu m t tuuumm all ’ s —  arc ’ a—
‘‘ agutug ’’ t u a t i m uuu l I ~ at u’ ud uunu u teumupemahu ire- h r  hu s umu ’ t i l i— I I l u m i s s :
c ia l uij, luu g at s ligh t !>- el’s- ale-cl te ’nuupe ’ ra lure ’ I I mnet - i mi ta—
l imut i  llu’il l tn ’ ua t t u ie ’ n u l ) , I’his h eat t u’e— almmi e ’ n I is tu ’ r u t l u ’ u i  I. W a t n ’ u . ac lt me umu ’ . — uu l cmt iucnus . cur uihili lusIIil~’t iu -
age— hu~m r u l t - ’ nmmnug men’ Iut’ e c ’ u I l i h ~m t u muu u  htat ’ c l e — m u uumg. a n d  ml u m u l , l ’ . l um n ’e—

t im e m c i i i >  I u n m u m - u ’ —~ Icut’ shremig hi ut—n u ing utut ’ ta l . tumil  2 , - \ l t uu ’e uI s l l—i ’d ’ 1 i t i h l l l ’  c ’ u u t i l l m u m s i t i m c n i  ~niul —I r d i ( ’ I u mn - c-k n muu is t l  Iii t h u  a nuc e mit — ~c _ e Ii mrc le nmnm i~. nut us l uu I t rue ii he n i — i t t  t t e
_ u i p t u ic ’ n m ue ’ nut e u l lv c’cu ld isu ,rk , Time— amt i f nc ’ ta i  aginng
~mm , c c c ’ — ’ . u m u a be tie—li be-mate - I 

~
‘ c arrie-ti past t hum ’ i° u inm t id

t t t ax i t t h imtu u — t mc ’ ngt iu h em c— nm -sun - c stahu i t i t s  . atiu l t i l l ’  h I  Ld ., l m h m .
~d ’ l t I id’t it — ‘ ‘ m - h i u u n i  w e —  esi l l  c ’ c m n t — iu I u ’ r  h h u u u — u ’  I.e —

lrc ’ umt i ut e nit  i- s i f m ’ nu ’n iiue ’c l a’. luve raginig lIt “ta imi l iz inug. l i t —  u ml lu ’ i - Im t i g  k i u u u ’ t h m ’ — ss humt ’ h i  u d t i ’  m tm u (e u m t ’ I a n i t  h u m  t h u
t ’ t - lui inu —t r a in hma r dl m ’ n lc— ci  a l l ues s muia> aku m hId’ ~ li rut ‘ . tr ahe ’gs ut d ’ u d t l t r u m l l l u t g  ~( 1 . i tt s a t i u m i u s  e ’ um g uutu ’ l ’ t ’ iu u g

— t i u iu i I l / I t l ( ~ a mmn u ’~uIs , T im e— sc ’ stra it t i tug anut i h l l u -u r r I Ld l — i h t u a t i u u t u — , luim h lt ’ i I i— f i r — h  u - u u n u — u u h u ’ r  t h u - — u ’  h} i r , ’ e ’
trt’ aI t t i t ’ n i t —  are’ te ’m’ mnc ’c I ‘‘ te ’m lun’rs , 1 , ‘ u - u ’ — — d t s  d ’ u l n l u l  r I c h — i tm u l u ’ t u m m i ,

‘ I ’ i mu ’ -tlmruii nu un tu t s s u u u ’ i a h i e u nu  s s —Ic ’ n u m f ’u e n ’ alli s u I , — —  l u  t-~ ti,’’ - ,  ( t , m m - kunt j1  u — u i i , — u ’ r s u ’ u l  um uch  nih itt I i ( 1 lm t ui
ig nuat ium i m I— th m t ’  mmnu c ’ nm c ’ l um m um s m i un l1su ~ ins t ime I , “, In l i i i— e s a tc ’ r  u cnm m I  . I m l u u u ’ u m u m s  — u m l l i l u i n , ’ - , lu h i t  ui1— , in dlt um i uu l  n u t  I
— s — h t m l  t ime’ ‘ u I —u , - t ’ uen t u l l uus i t m u c t u  ml a ‘ us - n - umcm g hn t um l ld u ’, us , , u— d ’ — It  r , I u d t m s e ’  l l u u t l i i u h i t >  l i s t ’ 1 —  , u — h u e  a-s I ‘ , ‘ i u e ’  III,
i miuh i e ’ ale,l Iuv a l mmumr —e i i gih mu i m nmh u u ’ r .  ami d lIne ’ h c ’ m u u l u e ’ t  u — \ t  —ume ’ im l u uw I i umnn u i t i i l  I ’ ’— d ’ u c m t c m — l i u n m  hu rulul u( ’t— arc’ u t t —
ult ’ ’~igim atecI hi > amu a ic i ce— u ucied l c ’ l le — r, uu u mu dl l% ~l cu — mImi c  Iiku ’ iv t u u  p t u u f m , u’ l i u j I m i u f  — m u l l i l d i u t l —  is u i t ’ I n c I i u m ’ ~ u - e - n u m
cur mmsumr e - r , um nu i ue ’ r ” ~m c -c- ’ mn-e h inug hum aum a r lu itrar’ s c ’ , c ul u ’ , hi m t ’ rc ’ I mcru ’  Cs , u t u ’ r  inn t im e ’  hi c ; i i i u l  — l u m h c -  — r , u u h  c ’ u m t i ” m m h u ’ t m ’ ul 1

h u m ,  time It ’ t te — u’ I) m m  t ime ai luu s ul t ’ st g nta hiu m n 2 1) 2 1 _ I )  l l d ’ i ’ d ’ — — , u r s  d ’ i u t i l i l h i d u t i  t u i t  m r u m m ’ L m t m ,~, 
( )‘ ,s~, ie ’ te  in h i k u ’ i s l — i ’

m t uuh ie ’ att ’ el  thua l thual icanti c ’uular a hi um y is i t t  th ur ,mn mi ue ’ ah e ’ u l m u d  t , e ’ , ’ u l c ’ ’ l ,  Vt, . u lu ’ t  Ill t i l e ’  l im i t m i u l  — l a t i ’  u uduI ~— c —  mm c i,’-
u ’ u m n t c h i t i m m n i ,  .i- l5(>~H32 inmt i i c ’ atc—e l anuuch iuer — j c e ’ t - i f l e -  u u l l cu s  n’at im cl u- r a c k i n g h i u,u u l ch Ic - — wuuh l ’ n  % , I j m u u i . udim ul t h t t u t ’ I I t , ’

ui a —1 u, ’ u - if ’ieel — tr a inu—I uar ei e ’ n ue ’ c l  t l ’ns m l lu ’ r, u u u ie l 7 7 ~c— ’J ’I~u u m u d e ’  ut h i l t ’  — i t , u l u ’ ~,tdc ’ -s I l — u - u i  t u u  n im i l u gu mt e ’  “I d  -

iu ie h ic ’ ah c ’ ”. — t i lt  anuut hue m alu m> which h a s  iueeru ag m— F ma r u l— a l umnmmin u t m m m u — h n c m t - l l i n , ’ ” I u u t  , t nuu m us l u l t c ’ n ’ nc ’  — m ’ n s  u - u ’  —cmu ’ i u
euuc- d in a spec ific’ manmiem. The ke)- ted the-se ’ c ’ u um t u uu — ui-s a irc ’ ra lh I— h u m  m l t ’ s I )~t l — ‘ I  hl tu ml  ss m I e n  will n imul  ~m t ’cd1 t i i I I—
s ihic c nl amid tenupens mmiii) hue- f ’ucune l in rc— ference Iii. luit u~ u ut l m i  — l , u r t m i  it t i u u m u ’ k r t n  u it i u h c ’ n t ’ s  e m ’ — . \ uu h c u t m i ’. i—
( :a— l a lh iu s s i uu ms - t’ time - in ,uw- mt specia l s’,s he mut fuur e ’ cmmuu — hi u it uiu i is a lu ’t n uumunc ’  uug~ re ’ — s n s u ’  I luanI I lit’ im s u mal a ht l i uu—
j u u u n u h i u u n u  ult ’ — ug rda l  ‘ ‘ mum h u t  hm a ’~,’ time ’ —antic ’ tenml lue ’m d c ’ s— 511m m—nc I u um n t m ich i t > , icuil u i ’ .l u i nnmu i r ain u,’m l 1iu uu ’ k , ’ t  — t itus
m g um u m t i u u t m  — >  — l u ’ r n l  um’ . is rumumg lut ail s — - ‘t’ ime nut m m mthui ’ m uI c ’ uu i l c ’ u ’ t  s ai l— w h mi e ’ hu u ’ u m n l c ’ t ’ n t t  u ah t ’  dluu’ inlg n’S ul l t u l tumhiu l t t
m-uu n n i nuu c—n c - ial a i l c u s —  uunuu i Ie’mlue’ns itt i t uu ’ r c ’ um s l r i ~ at ant u u nmu l lurthut ’ r ac ’ e ’ e ’ lc ’ ruu i , ’  ~‘~( C, ‘l’hlu’ r e ’ f mmr - u ’ , a i t hu u m um g iu
a pp mt ’d ’ l u th ulc ’  rate . anuch h ue’ mt ’ack—m ma)- fi n ch it U I ’ m - I , — —  m t n u n l e ’ u u’ — — i u t ’ ,  nm ta t ’ hu in i i t u g  uuf lIe-al t t u ’ a t t — e i  a le unm u l t , uuuuu
—a n > I’’ u ’ c u n n s i m i h  cu r u t ’  ‘f liii’ niaj idn alu m numim uni mmu t c m u u t l u i u - c ’ r —  Ima r h~ u — e i is e ’ uul m ragu ’ ml (se c — u ’ u - l i uu h i  umnu ~ t u’ t— — — i uc ’ lu us s I . inC
for ali ,us m mu i u , rnma t imun l nmmuh f ’euunm d in the ’ s laneiardl h a n d —  — ‘ ‘ t i e r  t un i f u u r t i i t i a te I >  u i t ’ s i gnu e ’u l  s h t ’ ( i c ’h t t n ’ c s  — u l t m l e ’  c m i —
Icm u uuks ,  m u  lime ’ I t ,ifie’t l \ unmh ceu ’ imug ~ s — I r n um l~mr ~tmIe ’hals g ml uc ’ m ’ rs is u m l u i c h  ie n’t ’ Ic ’n’ hu t  ulmil l Imumie’s I m u  I1i’ m

~~ liii’ u i n i u m r u —

~u uuui  t i I i uV s . h u e  -t!t i nuu inu iun i - \ — “ - u u u ’ i a t iucnu -‘ ‘u — t e n t  i ma — agc ’ r~uthtu ’ r  t hi u tut h e m  a l i c uw is - a t e ’e he ,  am ’ m ’ u u t u i im ia h u ’ , ( ) n uu’
hu u ’ e mm r t ’ h um in te ’ c l , F’uut tine ’ se mumiug hit a i l u ms — thu e ’  - t t  nuueuu l t ’ l  mul ’ ~m irt’nal ’t is uu— —uu  u ’ n i l e t u— is u’ ls e ln’ iilc ’el f u r  l i i i—
t m nm r uu l u m ’ r  i — i i re’c ’ec it ’ul ii> ‘t9. mi thuat t -t ’07.’, h u e— t ’ c umum e ’ — rt ’ asu m nu t i u u m l it sc u m— u i i i f u h mt ’ c l  h it’ ‘‘ liv itm g ‘.it’’. u’ .’’ luiut I huc ’

\_
~ \U ’075, l”uu r c ast a l lucys till’ ic ’ t te - r  if ’ iunis is t u m e ’ h i c ’  p~m uc1 mu l l ,

t’ e ’ i c h ,te’rtl i,s a nu unm lcc ’ r rt’~um e ’s u’ n ut inug i t —  iml iuhua icu ’ h im ’ai ‘I i t t ’  u it u iuu m lu m r s ; i , m u - e ’  l i t ’ t ese ’ u ’ t m t i ut ’  , ‘ nu u l  muf iitt ~u m t ’ e’n’a lh
Iuu ,sih iddn i . u u umu l lime ’ clec inusal je uc i nul ns t lm m c ppe ei . ‘I’huus t -t i i s - d ra uu h im -  h iuhuc ’  um nu c i ,m t u u m len n nu in h dunum m ’ u u t u t m , ’ u ’ h u m r ’  t i I t u i ,~,u i”
‘II.’ , I h l e ’ i - u m n ui e ’ s “u.~‘ tOTIl7 l. \ - t  11358.2 Iue u ’ munuu ’s udn u c ’ ’ s uu n u i t u l c ’  mcI ’ .InI I n t ’ l t~~etiu is hi i u ’ h l  wu t t l ’ n  t t l I l— l  l ie ’
I \ ‘-s -t23.S82, , ‘ t c ’  ‘J’hu’ t’ nui f ’iecl Nunuh,e— m’inug ~~‘, st d’n u i m ’ xe ’ l iu t l t ’ u l ,  \ uih uu nui > m Ill ss~m t t ’ n  u u i l l e ’ u ’ i  iii Ihial u - r u ’ s  i t ’ , ’
l eur  u u i m m n r , i i t i u m t t  a i l m u s —  I— b u m u u  111 5% t i e  i lavt ’  ge uh h l ’ t I  intuu t im e ami d u te ’ e ’ m ’ i t ’ r u t i c ’  “‘I I 

- ml t i l e -  lungir —l t~’i,gt it i m t h m t i g  it
l i i e— rahumrc ’ , eu h hm u ’ r  t t e ’ t - u ’ — — u m r s  u - u u t m e h u h iu c nu — l i e -  nu mt ’ l .  but t  u m i y u ’  h iu c ’
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1 S ti n t ‘it A l  l1 , S  —

is-ate -n t c ’ nu cis t I m ge ’ m ue- ma te bulky e’e umr t usi uutu pmulduc ’ts m i  m u n ’ cir awmm u - s  f un t , h t ’ n , tumucci if ’ie’c l ei e ’ s i gnm a t imcmm s are’ ru’ —
hl mu’ c ’cut m ll umt’ d h s l uau u ’ . s h r d ’ s — l I u g  t ime ’  l’i th immj ,~ it t  l c ’ ims i u m um ui umire ’ci . ( l’uur c ’ i rc ’ umnum l t ’ u t ’ n i h ma l  amich 14 bum n’ami iai fig. 2) ,
. u t u m l , ,IIu—llI), i  ~“ ( 1 :  l l c ’ mm ’ - e ’ , t ime ’  n n t i i m t a r s  s I u d ’ c ’ m l ic ’ at ic m t d
n u ’ d l m u l l u ’ n — m ’ u l l l t m g  — l uu ht “~1i u u u d ’  it > s m u l u ie ’ l I l l g .  Iunaz inm g. u n
f i h l i mmg  is utim ant c un ga nume ’ sc ’udia tuh . , -

‘ l’ imc - ’ u’ s — u - l I t  iai l’umn ie ’ t imc i m ii hu ic ’ hn t i u m u ’ l  h ma i u lh - s I u l ’ m ’ fu un tu t  
~
, ‘5, ~

m u  mtu iti gudt itmg S( :~ : um i  a l i tmt tmnic tmu u a i lcu)s us munue ’ cut n- c ’ —
—l i i c - i l n l ’’ .uu - l - e — —  il es-atc ’r 1 c m  t h e -  uu m t ’ t 5 u l s utm ’ l ac ’ m ’ . (, d umu ch ,,.-

~d lu ia lu hs Ic uum nu n sss te ’nsis ant’ h m m’ l plum l m u  t h e n —  t c s ld d ’e ’ h c ’ ’ u u ’ t~ ‘5,O .
‘.~~ ~~

tbuuu ii g hi immune m u t i m e- nm tmu l a i lS  exc ludes. tn mcu i shmm n t ’ :  t h e >  ~~~~ ~~~~~~~~~~~~~
sb m uuum l e i ~d lw- cus s icc- c ’ c m uu s icin’re’di ucume m u thme puussmh cle ~~~~~~~~~

s um t u i c l e ’ i mte ’ t u t a l  numeasures t m ans ~
-
~( : ( : e ’ munmtrce l  t m lanm t—s ’ t ’ mm

hi uuu ugii such ui msut ’a ume m u l l u- ra l e ’s  u l t i t )  dm t t  a ktnmetme ’  -~ 
5—’

lac ’ tuu m autti m’ s e’i~ t iuuuuig ii ti me— > - nua) tulse’ thm e im ’ c - h lc -c ’ tmse ’ —
ni ’~~ is imc’mc’ cianumagech. A num ic lize ’e l t i l nnu s . wht ic ’ hm lil a> ide —

~. i c e- c ’ i f ’iee1 for rd’sj .4hazue ’ c ’ to ~mbrasi uuui icr es- ran uur b um j,’,,~~ ~~~~

immi t l rm mv e di Icaim it ad ht c ’s icumt. are umi  l ittle u n mmm d (j ir e ’c ’ h ~4’~ i’
hut-n t ’ f lt iii t ut i hi ga hi tug “u( ( . uunch nuay (—5-rum sligh tly ,~
l urc u mnie d le ’  ml . 

‘ 
c’I~~~

F mr l hm e u’ rt’ itia i’k’. uu um c ’ u l u lhit igs i ttd ’  m n m c ’ lmm c l c ’ e i  u im t ime ’ I-~’,~
_
,9

— u ’ e- i  imu n t s l I nt ‘‘k itmc ’ t i e ’  Fa( ’ lu lu’ — . ‘‘lti it ihui hu im’ s at u ( h ‘‘,-tuu ‘S’A’
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sI re-m m gt Ins ,

-t secu une i and fundamentall y diff ’emenh nie-thuid 1 mm
rate’ tine - relat ive- st usce ptihli litv dlf a llm uy amid tenupe-rs
is te l  itr e—c ’rac ’k fmae’t tre- nmm,c’hmanics hYpe speci ummens
amid nme’aru ure the’ plateau crac k gruiw lim mate I Regi m u t m
II, fig. 5. ch, 2 : the apparent Ki,,,-r can also be used
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hi manuk alloys . but at tise presenst lime theme is sm mme
umicertaitut y is-het imem tiu emm- is aum ahusu hlute thre-shc uld K
belmu w sc iuie’li ~s( I( will mu ll umcc ur dIn seume aluminum
alleuyu~, nsaru v pu lls mu ! K versus. crack gremwth rate
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- -shuu w n ucm (‘lear -sign uuf such a thresisold As is-ills

- - - - snidltdth specimens time - me - is ncu feurmally standardized
rnvimmunnsenh fuur rankin g time relative susce-ptihiilities
muf alunt inium al lemys usinig fracture nsechan ic speci-
Rue-mis , hunt aqueuuus 3.5 perc’enl sodium chtcunide ha s

- - . bee-mm umsed e xte nus uivel > . A mus eume ceunmip tex cmunruuden l
-‘~ ~~~ tim e cuunupu~ uih imrn dlf wh ich isu sh ow ms in figure- 5 is a lsct

I ‘
~ in c urrent use, ~ lln1mt ’ typical plate -at m and apparent

K,,,.,. values for several alloys may he observed in
fig m me 5 .

cr,,, valties such as those u s  table L plaleau ve te t ci—
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1” t ies and apparent K,,,., data , together with service
exper ience . felrm the basis for arranging alloys and

F’t u .i ice 3 .5~,- ,’,- , , - , , r r,u ’i i,,,, i—ru e—h - i,, u, ,,uusu’ I,,,, il ing p ’ar ~~~~~~~~ - temper -s in fmu um ami citram v categories tif relative si t s—
I,,,,Iu-u ,. ruu,u,lc u u, ’ ,_ l’~ -Ce - icr lie’ Or , - ’— - - ‘ ‘ u r - - ’ , . ’ , i  - r ~,-k I,,,.I p r I . u~u,ur,l e c u ,  c e  phi huilit . a. fu ul Ic mis’s I aft en refs. 15. 61):

u , , , I ) , . - rr,u,,u,n,l,’r ,l thc -,h,,.I,-, .pI~u I,, lire-dc r i , , , , , -  dl,’,, ur.-~irr,,’ flu u , lu,’ —~ T.l ci) I ‘c ’r ’, Ion- .s ,,scept ibi/ i , ’, - :  \e u known instance cuf
r, -,c

~
,.-u i,’’,,I,l ,r,-ulI, r,’,l,,, r Ii.- ~s ’I-uI ~i IIu , I Oi l ,,r’- . — i ,  Ii ,’ ihn l ’ I , , - ’ - - , - . , , r u , - ’, -. I SCC 1m m sem s j e ’ e  e l m in standard la iltt natdt ry- hc s h s ,— ( b)  Lou’ .susce ~) ( i /u i  I,t~ : \md know- n instammc ’e of 5CC

iii su ns c u ’ :  c racking in sham idard te~hs omilv at h igh
‘I’ b mu ’ ne’lat isu ’  sum s e ’ c ’ 1ut i lmi t i l ’u uc l’ cl il’f’e r e nm h a il uu>s ausci shn c ’ ’us ) intenm s ity- ) les ’e ls ,

‘‘I lIce ’ “au une’ al u m > in s-amituu s te-nmpe’rs is c’uumr ent i y In I Iloilerate .su,see ’p t i/ u i l i t s  : “s m ’  kn uuus s nm St 1 - j ut
iue ’ inug uusse- ss m -c l inn 15%- cu hcas ie’all> dii’f’e— renut ss ,mv - s , ()nme- servic e, ~(:( m m mdl a ts t iu ’ i pa t t—ei  in se’ni mu - u ’  (htle - UI — i m , u r t
rn ic ’ t } tcue i  u ’ mmi i uI im ~ s s t ’ nu e meu ti u ‘. iuecj nme’nm~ e s h uie ’ i m niuuv lIe cut ’ t ransversm- henusile ’ shrt ’ss d’aUst ’dh hi> imeat tr u’ati iu g animi
s ue-tu tu— —l u ,qi e - — , ‘fhsese are 1thac ’e’d u m nuthe ’ r s u m sha in ue ’d h c~um emm c ’ iu ing. mcr Irmunu designu ~um asse nuith > — I r e — —  i u rmu ’ i i u h —
— I n c — — c ’ — uch u m r i u u l i —  I d— y e - Is . m’ x h umus l . u l  hum eIu ’c ’ It ’eh u ris m — m u g  time -se iure kept il e l um w 40—5() penc e- mit mul h um ’
ruu n i ( nmt ’fl t s . anei b ite’ teut imi time- ’ Ic ,r ui sfcu- ’t ’ imn ue nt 1 mm c rime- k guarauulc—ecl niinuimimm ~‘ ie- Imi sh rc—nghii. High er s m j . .
i— u r I i — , ’ n s e ’ u I .  \Iax insimm l ’ \ t m l u s , u r m ’  t in u c , ’ — in l ahc mc m alm um y- t a m ed Ie -nsi hu’ shr ’’s ’. fr mcm ui an)- scu m m e d’ mmmst iuu ’
l u — I —  I m u r — l l - i - i m n l ’ n l —  w hic ’ hu dcc mulch e’ rau ’k ant’ I%- ic i( ’a l lv as- cui he-ci .
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Fl u- i tee 4. Effect ofor ientatcon of 70 75—Tel extruded section ‘; f agn ’m ’e - r m ru ~ick ness on resistance to SCC hi al ternate im,nersio,m cut 3.5% ,%’aC/
so lu t io n (lou - er hounu! t ie- i to, after re f .  l3b.

Ic!) Appreciable suscept ibi l i ty:  A ppreciable SCC reci pe- fcum 5CC failure if’ t he alloy is su sceptible. Time
in service: avuuidance of 5CC requires smup histicated lm’ssuu u t elf fl gumre 6 shcculd be learned thuuroughl >’ . fecr
use tcf several control measures, such a-s prem tec ’ t iucn time pni nuci ples apply to man>- seemingly dmffem ent
mIf the end-grain texture f nu m aqueous eusviru,numeuits , siluu atie lns , Fccr exanup le imexagcunal coupling nul are
peen ing. and calimmidic prot ec ’t i mmn. SCU not likely if uti le-n nmac’huined frm cm extruded cur nctiied bar tm cc ’ k ,  In
tens ile stress is umn t > longitudinal to time grain clime -c ’- su’ns i ce  sud s a nut. is-he-n ti gh tened. expenienic ’e- ’. cm-
t ieu n. e’unsl ’e-rential Ihutut ip) he- mi-silt - stresses , and the -se areIt is pemssil ) Ie km characterize the cate-gccmi e-s d ’ b i e u s u - l i  acr l is s time - vulnerable- siucmrt t ransi-erse texture of the-
abeuve su mewhat quantitative-tv . as shccwn in habIt’ 2. cxl rude-ti nuate’rial. When nsade of allumy 2024—T4.
It is neut now c’ le-am whether plateau velocities is-ill whic h i’. apprec’ ialul> suscepti lcle to SCC. these nuts
affu,rd a pucsit is ’e meastn re ,~f SCC characteristic ’s, fail by 5CC Ineim almddsp hle ri(’ nsulislure. When thin’
huu it the > are included here- f t r  puuss nble use- f ul n lu ’— s ins nnualeria l siue’t ’ ificat ,iit i I shifted h u m  6061—To. wh ich
comparing with plateau values (rapidh iuhfla inaic le-- I itas vt-n’s li uw susceptibi!ilv t el  SCC. the pmoble-nm is
!‘c ir future alloys and tempers. l’ l in uuinsate ’cl . eve - mi t iscuu g hs c htm ati tat is- e l> l) mctls allcuy —

l’s ing these categories , the retatmv t’ — c m - s c ’ ep-  hsave thin ’ same- fabr ication tex luu’e. I A -s a pree’au-
t ibihities umf varj uc us wrought atl um vs are shulis nu m u  ta iule’ tiumnar y- nue’asumrc- . iumuw ever . Naval aircna!l pract ice
.~u . and those- of c ast atlumys are sh own in table 1. prcch s ih ui l — use  euf r,uts mae’hiumec l fmmunu cx l rud e-ti rcccl

3) The tensile s!res.c which cause ’s 5CC in re’gamdIess cut ahluus - I Figure 7 shu sss an 5CC fai htm rc ’ m u
aluminumnm al lccys may he prulvidled h)> wucmkinsg stmc ’ s — atm extrude -cl tu iue mlf 7075—1’oSl. wit h hhse failure’
design s In- c ’ s — I , but a large majt mity ulf su’mvi d ’e fail— munigiusaling at a im em le - w huich i m u  sc ’ ns ic ’ e c ut ict a i r u m ’ u l a
li nt’ — are u’aun sed buy ass.e-nshdy sI re’s-s t ’s . on hue-at tnt - at— tape-ned pin fastenmer, Nutte’ t h at mIflCn’ againu liii— cie-
ing stne ss n ’ . mum both, sign causu’s st istainied sI me -s -sd- - s )fmuunm t Im ,’ taj ue’ rc’t l pins l

Ceins iderumi g first Ihe assembly sIm m’ s -s e ’ s . the ae - n , u~~ the vulnerable s h muurh hransve ’rsu’ lt ’x hiime- dlf lime -’
s k e t c h  ddf figure 6 sh m e ews boss’ a ccmmpuc t ue nt . ex lrum idltu , Time ’ us,’ uuf fu m ru ’ee l— f it inssm- nls ime ’ hi uI-s time
mac hine-ti in “ imc ’h a way as hum exptuse the s’nul nuenah le- tape- reel pin in huearings m u  ut l uuns it mu mnu a ll uus seli~cejmt i—
ehecrt transv e rse ’ lextume ’ dIn e’nd gra inl. is ums st mhdeci iule t i c  SCC is em niw is l’ . ~unu ei si- hue - n suc h d esi gns nmte i — t
I,> icecll ing Ic c a rigid nie--nuber w ilh a slight anugular hue ui sm ’ u i. c- e tns m’nvati s r ilmac ’t ic ’e- d ictaht ’ s. llsal time a llcu s
mn isnta le-’h. Mmd Ilcat there- is s n ms ha im um ’ u i hni gh tens ile amid tenut per hun’ its lime ‘1 ,15% dIr ‘‘se-m y hu cw ’’ c’ah egecm v

~tr e—~ mu-n , ’—— h ue- short IraIt s- t ’n~c’ l.’~ l tm rc’ . a -sumre ’ —f irt’ ii’. hhese- he - mi t - s  are- tms c ui m u  table 3.
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CHAPTER 5

TITANIUM ALLOYS

I um1ul l , ’ u eel t ihan mi l i  m um umh t u u m m u u u  h. ’ Ium l u e’ ua i n m nc ’ lm~m ’ ’ u m ~~~ —
u l , , ’ ,e ’ 1i ,~u ’ k , ’ uf  Im. ’~ u m gu cnuumI m - r > ~tal i - lu - t ic - l i t re ’  c im ’ smgnu u thc ’ m h ~
uzI l c l ic ,  . ( h u m ’ iu uu - i u i e ’ u u ia l  I uuu ’ s m ’ u ue ’ e ’  m u f ~t muah l u n n l c u i m u m h —
uuf t u- c c i i  . umm um uig, unu .’ —e’ _ muu ul — j l j m ’u ‘ii cur I lie am i e i it ic it u t

u ’ e ’ t t , t i t i  ut IIi u> tug u ’ le ’ u cm m ’ mmh — . l mzmr h i e ’ u m lu t r l \  a h mtm u t dh i l mmtu . ,, -

n n i mc ls  Ime I , ’ uut m muu,  uuu u ’ku’ l ‘i i ’ l t t c m t t i i i m t l l , u - a l l — u ’ — t Ime ’  ,m~m — ~ 
-

t , u- e l c ’ —’i’ ’!i.ihi~,l /,, ;+, ~~~~~~~~~ 

u ’t’s st at 
— 

c€~’_ , ,,,,,
/‘ / ‘ 

~~
. 

-
~

uhe ’ s e ’ i u u f u e ’ e l  I ’ m  —Im c ’ c ’ I  um , a lu ’ u iuu l llu~uh m - ~u mmlu I 1cm ’ l me ’ l i —auu
us e’ Iel , ’ci ~u uuel  im ’ h .umm u — u m t t i u ’ j c ’ u m t  m l i te ’ h ih j h >  i tt l ime ’  us c ’ lcI  , — — 

~~ii

i, , , , -  mu ’  a ll musu ~‘ u ~ i iu - t u un - tu c im u g  usil I c u c c m t  m - uu n n i l m l m c  ,ut.’’l Im e ’ ,lI ‘~ S
hi  t’al uu me ’ u ih  — - ‘l Ime ’ c m l h e m  ut ll m ‘> — a s h I c  - In It - ms , h me ’ u u m i t t . ’
¶u ’ m I id t mmluu g uu ’ a l ls  iin l l e u m t l a i u h  it - m a m ’ h mu ’ m ’ u u th m u u i- ’m ’ m ’ c e t m l h u ium — — —

~
m m u ~,u h u m u t h u  ui/ /u/lu ! amid /uc’t ll lultums, ’ — . \ lj ,~> — cuf ’ 1111 m m’ bu’te, ‘

h ’ h i u u — d ’  i m u s  u- h u e ’ e ’ nm t u n u e c h l ~~’e’ ml l ueu t  I t - u s e -  im ucl c ’ b t mcui tmml ‘
~~~

a t u l c n , - u  - I.e 1, 1 ,- l u - u  - l , m um e l u~,uic - j u l  ul lc l uhid ’ st t i im t t  , ‘l’ iue’ r d u — ic .uI
mutm ’ l t l l um rgs  u u t  l i t u m u n i m m u c u  I— ‘llse-uI — — u ’c l iii d etail iii ne ’ i , r—

- - I m t 
- I’,’ , liE I i i , , r u s u . u u ’  /, s,, / ,r ,umrs,I, fu I/ I / ’ S, u/u,,!, , u . ,

~
,

Ill 
~, I,

, 
- ,u u/ u eu ,s’’’’ +~ ‘ /,i,ll ruu’ ,u/u ,,l 1+ ~ ‘ ‘ - I’ — ‘ C /. / ‘~ 1 + —e ’ , , ‘ , 1/ ~~+ /

I 1 u u t uu mi m i a t m ul  ml — uu l l c ‘s — luau,- u, gu mu cml u I  o i l  u t  um ut /u j ‘ /,,, ,,, ,,s,,,j, 1+, , ,  . ru,,,,1, il /.~um ‘ . — ‘ ‘ 5  / ‘ m + ‘ t  ,

t m , , ! , , ,  t m , ’ , u u  Il l , ‘•u( I im ui m h ul e - n i it t  s m ’ l ’ , i c c ’ , lim it u t  a ‘ o, , ‘ + s , . , i , . u , i  ui,, ,u. , ,u ,, ,, + .+ I s I s ’

Icc .t l , . u ’ t  ‘ ‘ l i e - . ‘ I ’ l ue ’ rm ’ l t , — , c d , s  he n- a u’ m le l u l re—c urd i ucc - i cm u lu ’  ~~~~~~~~~~~~~~ l.,i h , 1 i  ,,,,,.,,l,. r , — ’ ,, ’s. l, ,, I’ Us i , . + ’ ’ s ’

I l l  hIm , ’ I,css — l i , — — ,- — uu lu ic - lm uu- m ’ nu ’ u-I m u t i ’u t i ’ t e ’ m i— t iu - ‘t 
I I

t l l4mll\  c u t  h huc ’  u ’ .c, l \ u t l l l e l t e - a h i u u m i _ . + 2 t  t h u  Im h ’ t ’ m lu u i cumt lu t t l m ’ m’
c , t ’ , , n m a l l ums  , ‘uh t i t h t t l i l l t d l .  t’ u ’ s l s l1t t t i  t u u  S( ( imu unnamus m ’ nu— tu h umnut—m i — iu i u— luu im e - m ’ s hu > I m ,u c - , ’ — ccl t l imm i, — ht l ! e .  — u ,  it
S i i u u l l l m e I ’ i l i ’ .. in j it,’ c’ari s lu j— lu us iii bi haj miuic uc t u ’ , ’ lucnmul— s ll l l l i ud sm’ ll. 5m~ - In inc a t ’— t i gu t tuur — mumug l n l  l h me ’ tc Ic’ l ldI l u u

• ,,~ a , + 3i t ime ’  l u ’  I hh u ,m I 
- 

! T ’ u u c t s a l c l m l i c - h t t i l u n u ~ uu,’t ’ ,’ iii tim i nuk ut uu mu , m n lu l l e ’ r  cmi  ‘— u ’ c ’ uumi i ~gl> m i if ’fe ’nu’uul m ’ m u s i i u u t t —
I u - c - l u u u e c l c c g i l -a l ls uu ,hu u m u , u ’ m ’ u i  l ur , ’ u u— im , a - mu ls m u g  Imu ’ i - ’ . uc umuum ’ l  id e— t n t— , uu iu le ’ n ut s it mg le ’ I iu ’ zuc i i uig ‘ ‘ h is c ir m~g e ’ tu — Ium ’ anuuu g e t l —

‘‘I ~imh ~1 ’.1,~’ 1  , u m -u ’ m ’ , u e , I —  mut e ’ umr l i m ’ n Iai l ,ure ’ ’— . s i rum u muut e ’ t i h s , I’e nImuu l m s  II ,,— a ic l i l l iat ’ I i s ill e ’ V m ’ u t hmt h t l l s
ui , ! + 1+ liii’ iu uu ’ l  I hat — cutcue ’  ‘ ‘I I lie’ u ’ mc unmhu iu mu m h ~,‘iui- u ,

~ l~~’’’ 
u - bum hue ’ a hul iul . mull 1 cui lue ’ t  gnu m mm ~liiugs simm-lu ,e—

i t m u u mutn c ’ u m l  u n , ’ f  ill’ is us In j u - I m m d mj ’ ’ hd l  luau m’ i u rmm u ld mc - u ’ ,l ‘‘I’ It l , u u ’m u l m ’ u- h ull u c immimug  e ’ in u i r m c m u t n m m ’ t u h —  titht s a l— u I urmm s e’
us ic le ’ S l m me ’ h t u i  ‘-— I I ii, ~,‘rs i c - u ’  as e ’ ru ’ j , iu ’ uch if ’j e ’ dl  j~m t hu I’’ ic e’ a al iul Itid ul d t — ’ ’ t u l l .  Bitt um h I he’ I c te ’ — m ult il — u ’ d ’ I i l —

‘ l ,u l , ’’ ,,,i ’ ,a I , m - t ‘‘ i - h ue ’ s m ’ cc , m l u l muc ’ u ’ cm r  in the f’ielui, C u,n u- 55,51 1 I ’’ u h i-c l i —— ~~ ( ,  h , e ’ h t . u s i m u m  Ictrgu ’l > h ut ’ u - c u t c l i i mg I ’ m
— c c ~ ui, ’ m i l l s  I h u m ’ m u ’  l luus t’ lu uet l um ’ e i, u’ i c m cu i e - h i  — ‘ ‘ m a  i i - , ’  ta i l— i t uuh i  s i m l ,u1m l t l u c ml i  j um ut i  e l m s  d i m i t l  t u um ’ n i l  — cm uu h il sum ’ a m - ,’ — mmru ’ n
l u t e - — u m m u t  c ’ n i m c u m g lu u h j f lu te ’  mum aiIm , ’,— , m —e ’ uh  l u u  ,‘ —l u l u l i — h i  uu huh u m e t m t  I l e c — s i l u l e ’  t ’ ’ I u ’ s uu f I n uu m ’ c ’  i l lm l m i m n i l i u ’ — m l  l mum h iu  m ’ m is  I—

t h t i hnune ’  Iu u i t m ’ r d l .  c - \ u - c ’ I u l  111111 cle ’ — i gum — m m - u- —— , ’ — rat 1 , ’ - ,  ru m n , nm , , ’ m i t  aut ul u l u e - t , u I ,
I lm u um , — t i e - —— - ’- e - h u u m ’ - e - u l  l u ’ s iue ’ uml I n e ’ a t m nm e ’ n i l  c i ,  u t — s e ’  ,nulu l>
h ues e’ I m u m ,  u - — I” ‘ n h — i l  i l l ’  I’ ‘I — m m I me ’ ‘‘I 11m m ’ Ice ’ ) I,’u k u m c u us it I. Liqijici En~ ironinent . (1’xcliiding ~1e’tttIs )

‘ - c -  t ,m , I , , mi ’ — , 1 he’ ‘-‘l .~ - m ’ I , a i u t m - t m ’ i t — t m m ’ — e c f  t u h u m m ui lm l cu
u t li ums — sui ll I ’ ’ -  I m i , - ~~e ’ im t e ’ u l  a u i - u u u ’u l i m ug  1 c m  l Ice ’  n m i c ’ n e ’  iu uu ~m mc i ’ _ U , b t , , I’.,’.i as . 1 1 c m , h aIl as ,llc’ m , ult ’ .t ihl m ’ II  uu uil m ’n , ami d
I _ e m i l  u - , , \ i t ’ c m , m l i m ’ m i l - — su ln u- I m } , . ,~~~‘- , - u t l i — u ’ u I  u - r , c u - k i m u t ,i, n , t ’ u e t I u  m iu ’ , m l t ud l  uu u~ , , e ’ i , , u —  s uc i umt iumuu , — . I mum l  ll t l ’ hu i u ’ n mt ls  m u , m t
ss ) , u - l i i e - ~ h i m , ’  u - r a e - k j m m g  h i l t s l c c - , - e ,  uu l usu -nae - ’ u l  in, — e ’ I s i i - m -  u m l i I i u c ’ . I m I i d ’ n i d ’  5% 1 1 , 1  5 u t l e e u u , I \ l l  lI i u-— c ’ e ’ t c s i t m m u i t l l d ’ t i t i —

‘tul s ill t h u ,  u i ’  r e t  ‘ ‘ m a  - ‘ tm ’  I I uu ml  — , ‘ mmcc ’  mcI ’ liii’ ‘ I l l — u ’ ~‘~ ( .1 - j u t  ucu uu u u> I l l 1m n, lit-I aiIm us — i t t  II,,’ h ut i ’ —~ 
-

c - t Ic  m n’ c m t d n d u i - i u l —  cc h i m- I ,  ha’ e- icc - u-n fu c i m t te i  u - hm ~dal c h u ‘‘ I ‘‘~ l u m d ’ — 1 ’ \ I ’ . l i m u i ~ c m u t t - k — l j l s c -  hl~tas — , hilul i - m m — m u lct  j i u m l i t >  c m l  -!
+ u i h — i t l g  “ t i  

- m m I u ul u , i r 1 t tccr - u I c — I —  l u u u a u ’  I tuct hue ’ c ’ nm re ’ — l I l u - — e ’  il l , ’ > —  — t u cel , i c’h u ’ m’ht ’ uI I,’, — uun u m u ’ t i i — I’’ ’’ i l t t d ’ i l —

- ‘ 1 1 1 1 ’ ’ ,  iti ldum l Id ,’ us t h u  l it u muc iumumu uml l i e s  - tm — u ’ n a  I,~t - I c - u - ~u , i — u  - lI ~m’ — ,’ uml lu ’ s  - d~ c t i c  ‘t II t l l lu ’  I 
~~

‘ u  I i t t ,  mig uth I uiu’k ,
I ’  

- 
t lm c ’  l~~ ’~’’~ ’ — ’ ’ ’  h e m  ~“ ‘( ~( j u n il,, , u l , — u - n , c  , -  cut -m ( u d e - - ’ I _ u i - I’,

I,,, - m e f  t Ime ’  —I n , k , u ug tc ’ , u l i u r m ’ — uu ( u umt , t  m i l e ’  e ’ n t a te n , — iii tlilil,> — a — l u - l i , — . I l i c ’ i c ’ t ’ u i , ’  II,,’ — h 1 L m u i t l u  m I t  u ’ b l u I , e i —

nt - m ill’— u s l u j u - l u  ‘ .dl l ’ ,i11 ’’ “ I t . nm l i l u t u t lm i t d i  u t l lmm > s  i —  I h m m ’  I u - I I / , e l u ’ ’ I l  h u l l it , u t  Ii,’’ t n . e u  I u u l e -  m n , , ’ u - h m u u , , u - — t > t e c ’ ,
t i u m , , l , e m n , u - , , m : i I  u h m ’ s u - ,  — m l >  ‘‘ I t Im e ’ i r  e - l tm ’ uu u i u - u c l  u u u u l d m r r - . a nd a ge ’nuc u itt m ’ Ilurm ’ s l u u m l m l k ,,. - ,m hu l u ’ ’ ht rs I d ’ ‘‘~ i’~I. Ihi,’
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~~ s(e mUat it’ stc mtl > ,it utata ,i!’ ilte- su,i’t hc nt’sm’uilt-el j ut ile’t /e em , mo/. ‘I’ lu i— l i c i ut i ml su u— t , n — l  t uu mnm m l  t u m  u , u u u — u ’
lluah fIgcu ue huh-s s l tum w uu Iluat Im ighi a hu m i t i t um u muum. lui gim c u ~ s —  ~( :( ~ ~ t i t a iu iu t um a I I m > —  us - im m ’ u m il Su m— u ” , - ’ 1  .1— .1 — ‘ ‘ I ’ —
ge-ut , auud lu iglu ti lt c u m u m t e - n m t —  mum a l ummm i mu uum t —h d e - a m’m m ug 1 mum s, ’ u I Is  inue’m’i ~m n ’~’ -ssmtm ’ i / , immg hitmi ul l um le utk—hm’ ’ . i  .u
h itat ti unmu a hl uuv s arm’ c m u m ui m— s ira hule ’ t ’rmum u m t I m e ’ stau t mI~cu m imut lu mn , k u u g m ’ umum i um — sc c u- j u u l i ’ u l  —> — I , ’ m n m  i tu h um l u’ ’ , f ’I u -—/ ‘ ‘ r
umt ~(~( : be— c au se’ —ac h u muf ’ t l t t ’ sm — m’ ie ’ n imu uuh ,- . l c rmmuummmte ’ s tIme ’  I’ ’? \ . l’ x I , ’ i u — ia , ’  ~

(
~
( ml hIt,’ ha um k ~cg m’ ’ u - u - it u - u -u i  m i t m t i u m g

lmm n m um ati ,cm i ,cl mum el t ’ i’ e’d c i mu mm u aj ui s mm! ‘I’i-, -’tI mum - ‘I’i- 1) . ’%l + tim e — pre’ ss iu t , -  lu uu lu l , I tig, 3c I,ah uumra h emr > u ’ ’ s I u c - m i , , u u - n h l —
Sit )  j ut t lue - alplca ~chuasm , aruci t imu ’ a~m~u c —ar a u uc- ~’ mu t I b m — tIme—n m c ’um uul l n’u t uu ’ c l t i mat  In ihumi> I j i a m m i u m n u m  a hh ec > — . i u i u - I , u m l :u , g
t’tuflhI)d)Uti(! correlates as- it Ii det’t’t— a sm— c ! re-s i-st anc ’m t im t hum ’ tutu m r— I ittt pmcrt audI r’mc nu m u me ’ mc - ia l  c u t id ’— . a i-c’ — ii —m -

~~
- lut

sc(:, TIte upper f intit l’m mr aluimu inmuni m u  m m md e ’ m hmu Iuas -m ’ l,hu’ t , m e ’ rat ’ k i umg in hu mut lu c ’ mm unmn uu u— r m ’ ial au md imug hu h u t >
a reasecuta hle res ista lut aliumy is abect tt 6 pe rc ’e ’ tm l , sulm ic ’h u m e -t hmaut um i , anti uu’ i t lm mm u t  t im i’ uue e’uI u t  a l c t m ’ — c ’ \ i — I  i tu ’~I’ucntc inuate l v pennuits (alIme-it bare- I>’ ) tIme - wmu nk lu mcrse ’ (‘ ra (’ k— ij ke ’ flasu- . t umail d i s i’mi .‘) O !~I h ihu uuu i uu um c - t  , i c - L— mu , —
alloy Ti—617~A1—-V~ V tm u lie m u  w ltat is cecns ie ieree i use— te ’ m - gu- aitular iv c -s- c -mu u s i t hmuu i mt  —In , ’ —— . I.hlh muu nai mmn > 1 . — I —
ce— ptab le’ ( ‘uum pmusi ti tcna l lemr itmcry. Eve- it sut- il is ci t- sir— als cc dle m u ucmuus l ma lm ’ m i tluum t 1—5 fuu ’ rm ’ u’ ntt mit us ah m ’ t  au l,Ie ’ ih t u c
able tc c nest r k’t ucxvg en u tmc 1300 pf mnut , aute l c - s e - nm It ss us tite mm te t l ua utu ul i tm im i hu i t s  11mm ’ ium ih i a h iuu iu  ut a u numu k t m u u u m u  a
desirable. (ruin -ac mses a phase dt’signatt-c l d) f l t eg el t~m s t s i mcu u t ( u surfa c e’ , limit u muct ii tluu ’ s h u t  j u c t u  i — c - ’ c t l l1 t t lu i —
precipitate iii aum y beta pitase gra itis us’ltj clu tumay Ide muatem i w it l u a lc imul 10 pf lEli m u u -I u i u m rim im- , h’ ;am ’ti iii 11mm ’
presenut imu tIme- nnic ’ remstructure _ nmmakimmg tIme- lce ’ta alm s e ’ mtu ’ e - m ci ’ c - l u l umrim ie - , us - a hm ’ r d i m , , - ’. i m cmt i n u h ui bm i ~‘( 1 ,
gma imt s susceptible tuc SCC. gmumwt i u h’rum u mu a ~e l l ’ u - xmsh iu m g  u t - a u - k  ~~~~~ t u tet l ua n iuc l  a t —

Ti—50 A i— a gramle mcf unalloyed t itatuiunu Imu w tack s 11m m ’ ~ruitl lcm ,tmu tda n ie ’s u i  e ’ u m ’ um u u i — I i u - — — u - ’ !
t-ncuughm j ut c ix >ge-ut te be- essentially immimurue- Iuc ~ce~t me — t ihamuimunuc a l lumss . ’I’ ite- l uuam ’hich t l u - u c t u c ’ h t m s i , m t u I’ m u m t ,  lId,’ —,-
ucus SCC. T i—75’\ and Ti— 100A have Iuiglue-m ucx>-ge’ rt ia hmu urah ,mr > u, lus e ’ rs - ah j uumu — is — i u t t p l> t l mat m um , ’ e l cue ’ — uu um l
and m m d i Ccufltent . Sc) that some beta phase is presemit . m ’xpmcsc’ t it a n i itmz m s i-I ru t m ’ t c m nc ’ — 1 m m t mu e ’ t l t anmml.
and d epend ing mini process ing It isl iun > t hue -y may have- It is l um lie- t m u, t e ’ u l  t id al utmet lm ~unuu , I j~ a c - i l— I j tue ’ nml u t
e- umdcug h onuegu phase I)me-( ’ ipi tat iiutu in betiu reg immnt s hmc rutamu > im md usl u- iIm l - scml ust aume ’ e ’ s  — , uc hm as mut a rk i umg I l im iul—
nmake t lte all muvs mttde’ mate l y suscept ible tic aq uu’umums du’ — ie ’ iuug ficu u i — . ant e- I lIhiulI r , ’ t m u m c s m ’ r — , Umte ’ ss , m uml e l  Ice ’ ill

adv ised tic al lmu as aut v mmf h h mm— se— s u l us taum ,- , ’ — 1 m m  c ’ c u i u h a c ’ I
Ti’—50,A amid lmcss ’ muxygen ‘Fi—fc~ Al— -t1”~V h ave - stml ’ f’i— stre ss e—ci cr i t i c a l  rmmnmtp m~ut e- t m h— numa ml e mu !’ h i iaumi tm t u t  us i t h t—

cienil> luighi resistance- hum ac luemltts ~ C(. that these’ um im t c lime - c t e-x~ce r i m u um ’ u u ta l  e - s i d le ’ uuc ’ e -  mc i m - u c n mu lca h i lc i l i l >
alloys mu ller the engineering seu luticmn to av’uiding tIme - using im rec ’ rac kec l sp m ’e ’ inme - ums . ~~~ ‘~~‘ t i g iurm ’ 4 l mc r aim
pr.chleuiu. \ ,mte huuau ,’ ae ’n that Ihue 1’i—W ~ -~l—4~~~’ alilu > exatut icle mmf a fai luru’ us - Imj ci t muua > huasm ’  lu m m’ u i th is ,’ I ’ ’
may ha’s-c w idely varyiuug pmump e rt ies depeuuding ur ld um m s u c h  fluids , Eh iman i mm l ami d e’ I i u’u le ’ t ue glv c ’ md l  luau - u’ ,u I — ’ ’
a(’humal eecmpucs itiout arud proce-ss irmg, as nmay Ice se e- n, lce ’ t ’ n u lubse- rs ed t ic  crack t i hatu ilmuil a hIu u >
in figure 2, and unt il stricter specif icatiuctis udre d c —  Hot ,S’e - x/ t ,  Orm co me- uce ’ c ’ a iultm s s - l u m ’ u m —minu te ’  us m ’ l u lu tt , ’ nml s
s’elm ped and put irt tmc effec t . it may hue muecessar >- Imu we- re’ Ide - a le - c l fmmr i - ti e- i-s me-l ie- i, t lu t -> as c m ~’ fm m t mut d  I’’
test the allety lmct by lcct f ’umr cr itical app licalicuns scic lu e -X ( c e mie ’ ule - e ’  ~CC c l m u rimm g t lte aum nuea hi i mg u u l u c ’ i u m h i m u t d  i tt a
as fracture—cr itical aircraft cc um p uun ent ~~. \s  umt he r large’!> j ust- nt g~us -at nuucsp hm’re- , l im u ’  u-all — c’ ‘‘I’ I hi’’
a lh ums s  ant- develecped _ t h e y  canu lie read ily (‘huanat’ — phe- nm umiic ’nic it. wlt ie’ lu s m uure l> e tm c ’ u u cmm ttm ’ r c ’ d nm
t erized using dcf l e cml ’ time - fra cttm ne mmte rhia it ie’ ty pe- lice’ , au-as trac ed tcc smic h i um n um t ’ ht l ucr iu i m ’ . 1mmmd i il as uts f u m i i t tc l
t ests . Iii e c c ’ c ’ ur ,m t uiv it time ’ It - nut lmt ’ ra ll i ne ’ u’ x m ’e - e ’ c ls ahumm iml 2 , - u

5C 525 c~~1 amue l mut t i >  if su~t hm - r s a l uuur  atuc i a l u t m a r m ’ nmhl>
dcxvgen umme (tu’ m’se ’ nuh. ‘I’lu,’ — cc, I i c mm uu c ’ h ml u c r j m le ’  nc— —p~ui l~ m—
Ide fuur se u t l i c ’  imustanm ’e ,— ut ’ hu ,m I —~ II c’m~tckuttg has h ue ’ m ’tu

160 
STR ESS CORROSION CRACKING H ES S— t rac t—tI t Ic t inmgu”~t n- iuuts , (‘ r a c - I ie - 1u1 c’ mc tlI l ’ iul tl,,’ ,m ’ .m un, ’s
TANCE IN SALT ~N4T~ R dunm uig . t tuu me ’ a l u n t g  m u m l iu u le ’  e ’ hu luuni , I e ’  t c ’ t m l u m a  al t m cmli ~uu tu i
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hI m , ’ m - h m c ’ u t i i m ’ a I  i n l u h u m — h u >  su u u tuc ’  u - u u ue - k i mu g  luu ms l , e ’ e ’ uu
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b / I ;  c/u ,, ’ lii ~u s , ~~. su,ii tI~~, , /  hm umlu ’ m l  m ’  rm ’ c lmmc- j n lg  m u t - g l c t u id -  , l i ’ Idh ’ — .11 1 1 ,5 a h , ’ uh Im ’ mmu l cc ’ l 1 u—

51- 5 ,,I dl 
t i ll  u ’ — - m m d l  u - c c u l h u i u n i j m n u m h  i , u uu ‘‘I Iii,’ — i u m t u m c - c ’  “ t u m ’ h u  . u — his
us ut - c ’ l~n u u — I , , u i g  ‘ u i  im > u — j u g —it ’ ,’ I tuu ii t t tn ,~ t uuuml 1 11.15 ~~ Id

m- ~m im ’ — ahms , ’  u’ mc l u ’ . as t i m Imi g hi i u m c u m  , - u c u u h e ’ t l l  ut h im , ’  m l i ’ s
i um ’ n im u t t us Id a> uut g u m c - m u u t l t j h c i m l i s e ’  no1’’ , ic ne ,u c u l t i s m ’

l u l i c ’ l t t i mc t t s  ‘ m l  t j t h mtt i c m ntu , u h u ’ us ,‘ (ti ll ) I’ - f l - ’ ;  I - + s l ummumle l  , mu , - ,u — -mmre ’ — iuu m-I uum iu ’  1uae c i u h iu mg e ’ , u t t h u m t u t i t m u l h i , m m l  ui t h u ,  “iii -
m i m i - I  u m u hm ’ u - u , t ,  .,u I,- m ,ul ‘ ‘ m m —  m ‘I time ’  Iu mm t — uull , - I 4mm I’s inug t . m c - e ’  lu> i r cmut ,  u mu - , I ai lj  img I Iii — , t , ’ttdc sd tlg t h ic ’  mu - c ci i  ‘r I’ ‘ mc -

im i u e ’ uu uun uc t ’ uuu c um  Im m’ ,mh I teal  h c um ’ iuh c m l -  us ,‘ lm ii itg m cl ue’u ’ hc h I’ ‘Ii— . as Ii mu- li u - ,m I, — , -

~~r ,l!d1nI - l i t - u / u , 1 m m , d u l u l m t i u c u u  1 mm n t ue ’ l l uau u mu l .  thu , hcu l — th u r ’ i c cit I ’’ u i i i h m m — m ’  h ull, ih u, ’ h i t a i n i d u m l i , ‘ l ul l ’ s  c - m u l l ’ s ,
l cc cs u r u g u u m g , u l u u c  u - u m nut i muc tmr tm ls  h ums, ’  Ic e - e tc t- e’ 1 , uc t h e ’ m l  t c d e ’ h t s i m t e ’  i m l l l t i t t u ’ l >  t u t a c - I u u - ~’ mi lm s um umu ’  I0 t ng c ’  m ’ I m c ’ m , m u , ,uI
he ’ u ,mi, — ’ ’ ~‘u( .1 - mu ‘ l ie’ m u r  ummeum, ’  t u h h t u l l u m e n ,  1111 mm > ” : iu tu lc mshn ’ m e u e t i — t — l —  , u t  ut t uuu , I i i i l i _ l  l’d ld ii l u i c m e ’ u l I  u t t l c ’ t  l , m i , u l
( : uu r l m u cuc l ’ ’ I I ,u e h , l u ’ i , c I , ’ , u - l u l mu ru n u a t c ’ e l ~iim m hte ’ u u > l  I u ul 31’; ut ’ u’st ’n uch i l >  , ‘I’I,m’ uuu uumm iuz iu m g u e ’ u u u c c s e ’ — , umua n ull f m u u , m ,
( :. t~c(X) I’ - - m ’ h i l u uuu cu l .  iu u mm t um mmu mm ’ t l m ’ ul iu >,ira ,i im,’ . l I t —  — i um t e u - ,- an mi u ml — u m g e ’ u m c ’ u lu l c ’ — um 11,1,-k u ’ s , u I ’ - us l ,m , - l, t c , ’ t l , ’ m
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H. Solid and Liquid Metals
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— I I c ’ — — u d l  t i l ,uuuiumuuu ~c l l m c > ’ — , 1, lu— rc - cm n ’ > t ’t’m c u t i  a h ,i umd ’ im it ’  m i
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, lum m l l s  j ul ahe ’ m i us i th m — , l a i ’ r  mum e ’ uc mc h ac ’ t  suillt ants u m f  — u ’ s m - r ~cl

c ’ mun ium muu ’ r c - ial litant iunu a hlu iss e iem mcn tstr at ec l t l m al . , l , u , s
343 - ( (‘c S!) °F( s i ls- e ’m cause - c l  t l tm hitanmiun it allu ,’, —
u- rack, alt h um um ig l u thi n’ icel m mw the - nuteltimug l um u imu l mu l ’ s I m s i ’ m -

~“ i um t i Iar se ’ n - ’ sj e ’d ’ e’xp -n iem ice-d w i t ht  e ’a mlm j cu nt i  iulaleui
tasIe --nu et’s m u  inu hi nuate — m ’ i mttta ( ’ t  su it im var iu ml i  c ’ m ut m uniu , ’ n—
e-’ ial hit ~d nm j u mim a lh mc >s at temlllte rahure’s as leus u ai- 38 ( -

1 100 9”) iusel ic ’ah e-’ I hat su,hj d cadn mi ummm i- au ,  -au c’
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- nm , ui m 0,05 int l. ( ~n huc - k ’ . mu ! sLm ( ’ lu ule— ~t t h m mum ighul u mm et lie um l
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-sl t im ulc i lie- t t u m t e c l  Iluat t hu i’u ‘uum lid cad niuj u ut u c ’ nac k inug ‘uf ’

Ij l a nmi u ul u is mum mt related II, t l ue- c - rae ’k inmg i m u c u l m l m ’ m m l
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st c-el i-,
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ing steel , hc- ,we-ver. e - ’ athmcd j e - ’  pmc mt ee - ’ t iuciu increased

,m 3I ’ ,u um - ic’ , ’ I 11)00 “‘c-rue’ -) -‘ejecuse -’ 200 k’ .m d 5’, (1380 K,,e-~. But at pohential s more negative than —0,85%’ ,

1, muw aII~u’, “nc-u-I 14t30. 4340. AI~~s~~~ 00
I 

ksj iS , (1380 the K,,u-~ values fe-cr 17—4 pH fall ecff rapidly bee-’auee e cut

D6-’s( u-ic’ I \lN m 2 ) hydrogen discharged ec ms the iumg lu stre-tsgthu -ste-c- I.
If one St messes high strengt h steel sm cmew luat a h mc m ’ s e ’

H—il — m u - c - I  Alecuve 20() ki - i ii’. (1380 K,,,~u- , hohds the K level nearly ccmnshamm l . auud van e’—
- 

\tNm tIme potential frons tIme - free-Is c’eurmoeling pumleum l ial
4413 -n aim ul e — ’. sic-u-I A ll
18 Ni maraging - I c e - ’ ! . 200 grad e ‘mge-’d am 900 ‘F u48o ‘Ce toward more- negatmve pcutentta li . ouse ohcser ’ses elm’-
18 Ni maraging ‘.lu’,’!, 250 grade Aged at 900 ‘F (-800 ‘CI creasitig cracking rate-s as mine appruca e’htes t ite pucteti-
18 Nm nuaraging -l u-u I , 300 grad e Aged at 900 CF 481) “C( tial which is that ccf normal desjgrt i.. hut at se utm mewh ua tH) Ni marag ing -.1cc ’ ! , 350 grad e’ A ged al 900 CF 1480 ‘~~~ more negative peutenti als (ucverpr uctee’t iucn re-giccn (
-‘*‘mt (uI) si amnte n ’ aneel Beiruw 5’CT 1000 ‘ , ,

AM 155 -t.u iuil,’.’. -mc’ ,’ I Belmu w SC1’ 1000 there ms a sharp rmse in crackmng rates, T h is  behtavmeum
Cc ustuu nu (35 -.mai tmle ’ a -  neel Bel muw H1000 is illustrated by the data in figure 2, Its this figure- the
PH l.~~7 ‘it, ‘ utaunle a - -ne- el ‘ml! ewepi CH900 ordinate, labeled “dial deflect ie- m nu rate ” is a nue-as imme-
17—7PH -lair ,1 c’~ -mu ’ u ’ I All ,‘xu’e’Iei CH900 of crack ing rate. This experiment us-as cu cmue le -m c tem l iii

3.5 percent NaCI sohut imcn. and the pectential was
measured fleet against a cale-cmne l electrccde but against

Inhib itors are available which are very effective in a silver-silver chlmcride electrode, wh ich hu mcw e-v er in
present ing the grecwth ecf e-’ ucm ros iucn pits which are the this solutiemu m has essentiall y the sanse lmc uhent ia l ums Ihe-
(‘ucmmecn forerunners ucf 5CC in steels in natural cale)mel electrtmde. In this figure the Ie- ft-n mucst lccm i n l
water -s. and they sheculd be co nsidered fe-cr cl uc m~ed corresponds t ic tIme freely c-’ccrrod ing pmctentia l muf a
sy’ - t e ’ n m u — , Se me liumm chrccmat c wuus at one time a given steel , and the pe-)inhs Ic-c the - the’ right muf l i i i—
ce-c mme ;md inhihitucm. but its cli pumsa l mmc -cw presents a pe-cint represent varyimug degrees of ( ‘athecd j c prmc lee - —
prucichen u lcc ’e ’ae-mse of env iremnrnen ta l prud e-d ie- In re-gui- tion extending ho mcverprotec -’hion. \ udtc ’  that deem tc ite
lat iucns , Effect ive as it us-a -s in preventing pithing. it the large differences in the several steels . md uct mitml ~ j um
ha, mm cc l lic e-n fccund t e l  lie- e’ffee-’t ive itt preventing the cucmpcusition but in stremmgt huenim ig mec-’ isatuisms as
~crc m~cagah ic u ru ucf existing cracks, it is pecssi ble- thec ugh well, all shm cw a minimum in cracking mate s , and all
Icy mmc c flue-an. e-’u’rh ain thaI tulure re-se-arch may dis- at substanhially the sanse potential .
e ’ l mm — m ’ inh ibitmun — whic h are-’ prae’ti ral and effc’e- ’hj ve Shainless high strengt h stm - e- 1 . m m  aquemcu s salt e’usvi-
again-st e-’ ram ’k growth. rucnments leumse ’ the special prmcblem cf (‘re-v ice m’ccrrec-
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Huu .H S uuc m- ’su,I H s m e l t . ’.

EFFECT OF ELECTROCHEM ICA L POLARIZATION -
predte c tm mdg al Isreaks in tIme ce attng. But -sIt-el i’. wlue’hON CRACKING RA are ei t remmgtherued he y Celid work are- much le-s sUs(’ep-

I 4 t i l d e— 1mm hycl m ucge - ru c,mlun it t he — ru ie —ru t , hue-tu e gals am u iim’il
- ‘. Au su 4340 STEEL 2000c (snys de- , 146 .u75 (‘cclii e- inaus- mi bridge- wine-s pe - r hmm muut well,
.. ‘ ‘ ‘ 3 750 ” K 410’•442

I 2 -‘
~~~~ 

‘~~-g ~~~~~~ 7 lii. Examp les of Practices and Failures
• ‘95,4Cc, 02. -. 850 ‘ c(~ l050.uO8’~l
0 12e.,SCr, 3M, “ 780 - K,32 0~~ 4C’8 Illustrat ing Princi ples

7-4 u-dc - 750 ‘ ce- , 9u0* 1140

I o — I ‘Flue rocket r,me-,mtor ease i l lustrat e-el j Im figure 3 was’
nuaeie of a niarle-mu s itie ’ s t e ’ c ’ h des ignated AMS 6434

I T and was he-at treated 1 mm a yield strength sligittly mu s e - n

~ 08 - I / 200 ksi (1400 MNm 2~ It wa -s pressure tested w ith
o / tap water , and befucre the spec ified 15-mu m hcmld wa m~

I 
~ / cecmp lete-d. tIme tank shattered. Exam iuuatiucum ,cf lIme

06 — 
I f / fracture- shmewe d th at ndosh ecf it w a s  purely mechani-

- / , /  cal brittle fracture , w ith she-ar lips bccrder ing time - h a t
I fracture w ite- use- che -vrecn markings (characleristic ucf

4 - i//p brittle- fracture ) pec it s he -d back tuu a t iuumlcnai l-slmaped
~ 04 — - . c mn i gin (fig. 4) . Time e- Iect rec n nuicrccscecpe fractcegrap hi ic

a \~~ -\

:: - 

- 
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1

1
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POTENTIAL , VOLTS lAg/A QCI)

Fiu .i RE 2. Effect of uaruing degrees of cathod ic protection on sec 
I 

,

rate uDI,4 L EFLEC IO R4T eon . a a n i k i~~ty ; : : ~ ~ 
. ‘i~~~~’ - I

—i i  t m and atteneiauut ac idity nucted abuse-. anel e ’ a thmc el j e - ’
pme ut e - m ’hi ucn i m — a s e r a  effect ia- e nseasumu ’ tmu nsit i gate thi’. ~~fu , rm cmf at ta e -’ k. Wi th tm m ut thu l’. pmc ct ee - ’ t i ucn _  I he ae - - iul . ‘

~~ . /
su,lutj emn in crevices (e-- pits) can cause 5CC not - /
~cmu-,lj e’table I’r’cn u pre-seuut fracture me(’hdan ie-’s d ata , ‘— —.

Sunt mar izimmg tlue- eff ects u c f e’ ath imc e - lj c ’ p ructect i mcru _ a
rcucm mle ’ ratc ’  degree is e- ffe-’t ive iii nuiti gat imdg f d i t t i t i g  j n all I-’n u ,u mci .1, Bri t t le - h-,,, to t. ’ of hugh strengt h .c te- m’l rm ’,  Ac t  rnu mtc m i rumc’

t i uggc-,u ’d he s t ’esS co rrosmon crack ing. I’d -u , ’ ,- .,,ru,”. . ‘ - ‘ ‘ i c c ’ i. ,,, St e I S
‘.tp’eI antI m- r5 ’ s mu-c ’  culrnum tmun in -stainless s t e - e l , Thus Eu”
— a nnI e ’  umm ucelerate degree’ umf cath ,ud ie- ’ prcc tu-’ct imu r u has
little detrimental effect on K,,~, and in some steels
ma’, j n(’re--ase A’,,,,- , Cathodic protection also de-
creases c rac k grmuwth rate- above K j, u-,- . Excessive ___________________________________________________
p mmc l ee l  i m c ut, us-him ’ Ic nu a% icc’ defined as e’ecnu i it itc h 5 pru c—
ehme’jng pcdte nt jab nuccre’ muc’gatjve t han a h ceue - m t — 0.85%’
(SCE( . e ’ mun fc ’ r— m dcc ad ,Ijtim crcal Ice-ne -lit, can ice se-ri— ‘ u ( , - 

~.

~~~~~~~~~ ~.‘vent ing 5CC in high strengt h steeJ- . but even pou r - - . - - “ .‘ - ., 
-

. 
.
‘ ,f4

,
~~
.’f • ‘~~

e - ucat ings imlcrlcae- t he ’  ability mit ’ a ,‘at hucel j e ’ prccte - c ’ t ic im u 
~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~‘ 
‘ ~~~~ .‘~~~

— s — I , ’ m u i  ! m c  ict ’ t’hu c rrd u 1— tun(’t ucuu . Ccm at j mug w i t h  c a d ’ ‘ ‘ 
~ ,

nt ie m m nt i ’.  hu eu t e -t ’i m- ia l t mm t w u m  us ass :  It au- li ’  as a barrier tic
c i m m r m r i m ’ m i I — . a euel  e-’arii whie mu the steel i- s bare-c- i he s
“ u - t a l c - h u m ’ — mum uct hu— m clamnuage- icc ti um’ cadm ium e ’c cat ,  the
a elj ac ,’ ii t c- mmcl mj u flu tm—n el - s t im prc ml ee l  the ne-a nba steel F’i’ ,u m e -t (logi n , F  Icicle-u r e-  ui 11w, u’ i - c , u !a ‘w e! aloe -u t 15%’
w it him cii I cia uugc” r cc l , c ye rp mccl e e l  it cn . (N ccl e- the - pe mt ent i al Thunm l,nu,t I-chap,’,! area at bcui?om us uru . ’ ss .’uu rr,c s c an c mu ’/ mug.
c m i  rae-Inu iuuus imi I him’ u i i — c-u m “ ‘ , j ecuu of ( :athmudi c Prcct ec ti ccn Bottle frau -t ar .’ ch eu -re - m ,i, are he gccmr u uucg to icc clump, rum chmcmttr m g l r, , nm

- - - the thorn 1,, u,mm! u,rea - (,ra be -mn el,c at i,qm u,rucI l ’uml t om u,,. s h e-c ,, !i ,r u cabcma- u’ ,t /_ un,’ e ’ um at umu g u — hua-zard uuus 1m m heat Ire -ate — el Dark areas on !urj t ~le f ra ct ,ar c c i ’ .’ ‘ac t  ‘‘ - a - -  I., Ii
high ‘ .tmu — rmgthi — te ’ c ’ l  1mm - c ause’ cc l the ic ucssuhcul u t ~ umf 1 5 c r —

49

~ 

- --- -- - -—- ----
~~~
-- - ---- -—-

~~~

—,
~~~

--.



- -- -‘----- - -- .— --“- - ‘-~~ -- ‘ —. ----- ---- —‘- - -  ------- - —

hl uu ,mm “ I dl \d , i Ii -s I I C I —

ie’~ihuit’e ’s cc l l hu i ’. t h mui uu l c ucum il ._ hi ~u) c t ’ u i aI m ’ um li iuh e ’ r g t3m mu e - mlumu C ~~ 
~ 

-

~t i ’a e ’ te - t i ’ e - t uui at m ’ h mm ’ u l t l tcu su ’ ed uu — I n ’ — —  m’ mut t ’ uc s i cu uu c rac k , ~
‘,‘ ~~~ 3

ge ’tte r ut tcm l iii t liu ’ s u(u id e’ s l , ’m ’  t iii iii,’ l a l m u m u a t u u u %  . ~i i a u ,  ‘~, 
a -

ut~ j uug ta i m 5% ate - ’ , .  j ute i u t m ’ e m u u u l u u mg ls  th u m ’ eut ig i t i  Ss d— m ’ mmuu — - ‘

e ’ hu mel m ’ e I l ed  Ii~t s e ’  h um ’e ’ iu e - u uu i ’ .e’ei his 5( :( : , l,e’ l Iii , l umumk .tl - 
— ~ -

h ue-’ i cmuu l u le - mum iu — im i(,u h’ruie ’ hu mu ’ u’ tui , ’e ’} uuilu im - — , ‘l’ Ium’ Is ,~, 
~ 

um t  ‘ ~ - - -

h h i i —  ‘.tm’e’l ill t a l c  wat e - i  w c ct i l e l  hij~ m’ lc e ’ e ’ uu ah mum m ut  I t) k-s i i -
\ iii I I I \ l\muu ‘ n ), l u n t hu u-u - ut mci  11mm ’ uuua u u u u f a m ’ t c u u u ’  mut  ~, 

-

t h is t u d u m t m c u ’  d’ L e - — m’ , uu e ’m’u’Iailu utu ul cu ci tu l  mit i ce - i t — m u — ~ - ~
,

uucr it ic - l m ue s-s us u mi — j i m c— s ita lc le ’ , s um Ilmum t u e - hth tmcug h u I hue ’ 3 u su ’ n — -

age- sl ue ’ — s elur imug t hte- leress ci mm’ I c-st us uc— su mu uue ’ ss h a t  - - 
- 

- I
h e s s  thtam t ~ie-leI. scmm ule - cuu t—m c l—rmmu utd a ne ’ ums as- um u 1.eI lie-’ - 

d

at mum ahuum s e ’ ~j m ’ le l str eul gt lm . ‘I’lum-re’ f ’mumm ’ us u’ are’ ju c ut i h le- el u , -

j ut a~c~c ls iuug tI lt’ s imu uim hihi e ’e I s -e - r i-ui cm ut ccl ’ l ime ’ Irus iiu m ’ e l tu a— - ‘ 
‘

t j u du i  (e(
~ 

(2 ) . e’h, 21 l cmr a m .e -t r l’umcm ’ e - ’ r a m ’ L ,  a uuc l us e ’  (‘j ute - I - ‘ , ~ •
t huat the— e ’ m ilie’a I flaw e le - Idt l u uu e ’ c ’ m I m cI t m u  ium i t i a tu ’  ~“( 

( i,- - ‘ 
- 

~) -

0,2! l()/ 2t ~ )l 2 = 0,0005 itu cur a lcuct u t 0,01 mutuuu! Sue- lu a - - ‘
~ •

siumall f law e ’c uti le- I ice ’ htm l m si m l e d e asilv his - a gra imu l m emuummel —
au-a in lr um s id umu cci  cu x i m ic ’ . a u - mmmmumutmuu u mmm ’ e - ’ t murc ’ uu c , ’  i t t  t i m e ’
Itrui t t me-at j tug at mu d ’ e’ujc hie-res ccl ’ luu rge fe-i mum uu e ’e ’ s itt e- ms u ’ uul H’ ‘I Rl~ ~ /“‘ ltm~ufl c , f / , , ’d  (5 mu- ,, / c e  c ’ - /,uI r 4 tIm e ‘‘5,!, er Bruu!gm’ ’’, c- ~ --

t h a t  h iucue ’ , me - tue - h in (‘a c t  sum’ Im i tn lr us icu l ts  we —ic ’  t uum te ’ m l  in , ‘‘ ‘ ‘ ‘ ~ ‘ ‘ ‘ ‘ ‘  ~ ‘ ‘ ‘‘ ‘ “ ‘‘‘ ‘~ ‘~‘ ‘ ‘  ~ ‘ ‘ ‘ 3 ’ , I i  ,i,-,,,,, .,,-I c l,,,uuu d~ I, c m, I c ,,,,

‘ — - , _ II,a,,, , , , , 3 a,- — i - , , -  _ ,_ m -I,,, c _ u , , ’  I , ‘ a ,m u ’ l  I,~d u  I I , ‘ — , - - ‘ ‘ ‘  ,uuiu’ ’s - 1  51 ’ II u c-,,, ,-’u
t i lts t uart te ’t t la r  mm u uct e ur  ( ‘a-sc’, -~e 1eh m tmg a m ’ c c tr , c ’ u t ucud i i i— ~, ~~~~ ‘I id’uu,-~,,”d
it i I mit u mm us m ctulml Icm e-s’m’uu l 1c it t j umg . I m ci I I Ic c’ lute- I I Imal I hue ’
t umi I em re- c m (’ ( ‘U rme—d in ic- — s- s I hiaum I 5 umi i um i mm ci i ea t  ru t Ii a I mu m u
1ci tt ing us a - s  tue - ce-el I cc  j u t i t ia le ’  thtc ~‘eC( . au th as ‘,S e’ hu as m ’ \lNmuu 2 ( us h u ie - ’ h m h ue - ma ui - s e ’  mm l ’ t ime— i ’ hre’ —~ mai -s iuug h mn mu l c —
fdc itt ’ (l earlier. j tmh j lc j hc u r s. le i-utru l lid claI m- hma a’e um mmt hde— e ’ u u , ‘ n t i c ’ — m c i  t l tm ’ u s c ’  hul ae - m ’ mi t im, ’ muuatm ’ r ia l iii 11mm- m c - i ~ i u u ui c c l
Imc tm i m e l e- lfe ’ct i se- i i i  ~cr c— s - c— u u t i uu g  grmu ss t ls muf c ’ s , u -u h i mug I l ue’ f rac ture — a m ju l - st  ida -er tIm ,-’ s ic- lul slnu’uu( ,ul lm . a uuu i we
c rac ks . w h m ie’ Im tIme- uc x ic i e -  j uut r us jmu ut  m ’ mu e - t l c l  base ’ p r im— arc ’ t l t u ’ ne ’ f ’mu rm— againt j us l ihic ’ui itt ut s i t ug the’ —un nt ichiimt ’c l
sjc lm ’cl .  (:at lucue iic ’  p mmcte - e - ’ t i cmts  wumu lc l  m uu mt be- l inac- - Lie-a l ~t I  imc ni um um l ’ I hue ’ Irw itu c ’ e l i tat i u ui m . i’hue- — u i , (law m m m ’ c ’ m l e ’ cl t u c
an , ‘ ums j rucudnmc ’ ut l  ci t h igh mesi t is i tv  st me ’hi a hhe lum h u iu t it ia t e ’  t luu - shFe’ ’.s e - mm rrum s j m mt i  c-r ue - u k ts mu umlc i  hue ’ () ,2i15i
wa te ’ r . and, e ’ se ’ n ,  jut a Ilighils c ’uut idt mc ’ting c - l e -e - ’ t ru u lsh m ’ , 81(12 0,0(17 it t )uj h~m cuh (1,2 muuuuul , a flaw schuie -h t  a t i tu s
cath odic’ protection would at be-st simply slu u w the rate e- u c m nuc g iuuud Ic it p rm ulcal mis s e - u i  m i mi  ic ui, ‘1 1m m ’ I ra m - I l l  Fe’ t uuug hu—
m t  grum us thu muf t hue ’ s t ress (‘mdnru ,sj ucn cracks fmu cn u tIme ’ Iie’~~ (A ,,- I muf ’ tI me ’ ste-c-I was  l mccmume l  hum hum ’ 46 k’.i \ j ut 5th
cu xj ele - iu utrus iccmu , Tiummughi e-’ u uat iuug ilue unte - mn mmm uui lhs m’ \lNni ‘ , ‘Flue’ flaw rc ’ c i cmi me - c l h u m  au ’ h t j e—s u ’  A ,,- wu c u lcl  1mm ’
u’as m uscu uml d iuas- e- hcc ’e-n peiss ilcl e- . it w cu u l mf have Iee ’ m ’ ut gia-m’n a pjcn mmx i u m t al c—ls I u~ 0,21 Ui 8(112 = t) ,O(c6 ju n I l,(e~

’
iuuu im rae -’ t ie ’a I. ‘ l’ lue-u-e- f’mmm e - time ’ s m ult i t i umn (‘hcc se-mi us-as tuc unusm ( . ‘ l’hce— ac tua l  .t rc’ a s  m ’ mm m m emi. iu , u m c - ra u k in tIgum’e’ 5 m a
rc’p lae’c’ time - ta lc  wale-n w itiu an inc-nt uc i h as t lue - pres— 0.12 itt 3 ms um ( e- lc ’e ’p. umm u l a rm’ahI~ luau l a~mre ’ c ’ t uue - u mt
—‘c um izi tsg Ilum iml , it s am idit iuc um , hue-us- - s p e - e - - i l l e - ’ a t im u n u s us-c rc ’ e ’ m mnsie le - r i u mg th uat tIde- — I c—u-I sa nj e - c i  j ut s ic- he - i st re mdgt lu

‘ ‘,s-ni lte’um hm ,n tIm e’ ste -c-’l tic h as-c lumw e - n le-s’eb cmf inupurities fme m nm TO 1 mm 86 k i  (-480 h I  590 \ I \  nu ~I. I ha l  t lue - luaj cc
— c u l tu r  umiuei iulum csp hm mur t m sl and slightly i mc wc - ’ r  tm e— ttgt h u uuf thse 5CC arc-a i mumut ‘‘ lumiug auu ml llu ium ’’ as’ tI me-

(190 ksi. 1300 MNm~
2 L which would raise K,,,.,. simphif ie’d e-qt uat im imu asstm nc c s . amud tidal lIme - lunittle-

— uut mi m ’ se huat arid li u l t ummuse - l iar-tune - tmcug luu mu ’ ss mark— fract ure is pruc~cu1gah im ,g al mitt angle hum t hu e umm iusmur axis
edly . u m that a nittch larger stress (‘ c l r rm ls i m dt i  flaw mci the- - elliptical SCC am - c-a,
wmm uih m l hua s e - 1 cm grcmus (assum ing 5CC cucul ci uuccur hm ~ Tlm is failure- will ic e— e - I j s c - u m ’—— , ’ u l f tu mth r r iuu tIne - — , ‘ e - - I i u u m m
e ’ mc u m lam mi inaticmiu mcI time - cci i )  lme - fmmre hc n itt le - f ract ri re-’ hue- buss ’ e m utit l e d ‘‘S imig le’ —Le ma ui—P a him Des igns, ’’
us- uc e mle l ucc c ’ur, W ith th tese- nu -astu res the - pmccb lem was The Ge- tue -r e - i l  ( , , “~, Grei,ui bridge’ mmv m- ’ r t hum ’ () hu icu
icnm me- tg ht m ne- ic’ m m’ cc i t t  mc~l. Hi Sen at Pu urt iu mule ct m l hi, Dliii m . cc mm — c -u c ;m”t mu e l  c—mi c c i  c ‘m u ml

l’hce ~ i/I-u’r Bridge tfruc ntis piee ’e) was co nstru e -tee - I  mci dra ustu us-i re- hiuu vi umg a yic’le I -tme -uig th m iii’ ah me ut 180 k— i
mu — t ech mu l  sI me-nglh tcccc  lccw (80 k&u i, 550 ~el \ mum ~~( t i m  11250 \1\ u,m 2) , TIme- 5% in - c ’ s us-ct -c’ ummu ga isa mu izetl,  atmu l
c i u iah iis um~ a high strength stee- l as (he-fitted abmuv e . Icut aftc’r a hmue n i t  12 yt ans cci  se - ms - ic ’ ,’ a uue mnmhc e - r mu l lure-ak -s
h ’ . 5( :( : atiel iracRtre te - d t m g iune- sm - s characteristics make as u’ne funut uci uummd It’d 1 mm I hut’ rc ’ h mla e - ’ u ’ u mme td l  mc i I hue’ a l—

it vera- suitalclc’ fuur tnc-’atnuen t wit h ilue high slru - uugt hm f e - c te - e l  e’ a hel e - - s w i t l m c-aI d e’s made- eu l  gal sau uirc ’ m l us- ire- .
stee ls , The- luridge-’ cedilapsed (mIs December 15, 1967, TIuc’ bre-ak i— us- u-re ’ iuul mrgnam ut m la r anti c’uu ul u l Ice’ d cm 1 u lj —
alu m1 a st imdv ccf the-- caus m- imucinted tmc an u-sm ’ mmf mim Ic mcI ’ m ate- uI im u thue ’ l a h meumatmur u  huy stre’si~imig tIde ’  S a m , ’  iuuu —
tiue eye—h ears cml w bm ie ’ b m th ue- bridge- Was e - ’ m mst ,e - me ’ t ce l ,  imt e ’ rsc - ’ m l imt c l i ld ul m ’ (0 ,01 \ ( a lum nuic m uj t m udm luitrat e ’ cur
(re-f. [31) A pcuu’t iemn ucf ccn e muf the - fractures of time t’ye is s cmd ie - uumi umitmale ’ . aimm i t im,’ — c r5 ic ’ u-  l’a i l e - cr e - - s ss e’m’e- th ucum
shown in figure 5. w ith time inside” ccl the cam ’ at thu e- uliagu tucs ’c- ’d a-s ~s( ~ (re-f. [ -11 1, Z iume ’ c ’ mm ati lsg (a u me l
lump in this figiiru— . Nuc hc ’ t lue- lighut e-’ cu l cc t ’ e- u l are’a j im time ’ i um — r lu a i m- s t Iuc umm gau ’u ie ’ m ’ cm mm ti u u g c c ’ue -n t lue - ~m tue ’ )  s u m ls - c ’ el lh ue
tipper right e’ucrnc ’n. wh ie’hs is c u l u s i m u n u s l s  tIc ,’ mumigit i cuf lmruclu l ( ’ nm , \uu le’ t luat t lt is i— c ’ mm l u i  d raw n ste ’e ’ l .  il mut ime’at
the hi n t  I It- fract tm re-. T h is are-a us- as c c  mmmc l imu le-el t ic It as-c’ I me—mite - cl, a tie - I l id, ’  m m cl d ci rass’iu st e’u’l , — tim t ie’ Ic tic cure ’
be-c- ’um e-’aus ’e- mI lea sI me ’ s - s c ’c c rneu , it uus e’ ra(’k j u g. lii sail re ’sist al it t l ime- it hue-at t ru-al c’c l t e e’ i — Id d an iuvml ru c g c’td
water cecntain ing I12S the K,,,-,- was fecund to be 15 e- ’ mm u hc nj t t l e ’ mmte - i i t  ss ht j e ’ hu t l u m ’ h u e -  ucci ghtt I h mr , ’ uml e ’ uu mu l a
k— i \/li u (16 MNnu 2 

~ , Thut- clesu i gn ail ccwa lcle- slre’i’u-s lure-ak iii t luc -’ c u ma t i u ug Ice ’e -’ au - s, ’ mu l ’ t h u m ’ , ‘ Ic ’ e ’ hrcut ’ l t , ’ um i iu- al
Iuic c— ml ire the ’ shamuk mcI t h u  u’s-, ’ — l ua r usa -s 5)) k-si 3- -i)) i mmut c ’ h u l i u m l  ucf ~iu ue-  —u ’ , ’  ( ; uu t l ummc i j e ’  Id u m d l c , c i i c u t d  a l d u , s c ’ ,
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‘I’ hm c ’ ‘IIcueiiu t I l emjc u ’ / , , i e l ,u_’e ’ i im I~h mummlc ’ ls lauuu l cc mt - s c ’ mmu u — ~u t t h i umg c m i  hIm , ’ u l l a r u c g i t m g — h e e l  us ul h i um um h , i m m s 1 , u c — — i l c l u ’

‘— i m u m u I c ’ u I  , l — i tmg m~i l c ’ iue ’ lm c ’ el  me - tmml l e ’ u i m t m c ’ t , ’ m i  ste ’ ,’ l cc , tm ’  mu l l u mu t u m m e l l u c c u t u  m , u m ’ t l e t u u l c ’ d l l u u u u , I l , ,m ” i luc ’ s c - I , ,  lu cc a—
, thu m m ml t  t i m e ’  — , unmmu ’  s tuc ’ u ug t l i  ~i ihial mit h ue ’ I . ,  “a . ( .ratul iu mum u ie ’ cml ~m luig lu —I t c ’ u u g l l ,  —I i ’ , ’ )  m- m m l u m u ldl m ’ u t  i uci m mg

e u u u f c ’ , mmm c i u ’ tmu m -L j u u g f~t iIm i ru ’ — ceu ’ e ’ tm mme ’ eh  a l u - c a  mmuum mm t Im c -ma che - mi iii t i l t ’  lmmbcmc u ah m cus m m—i i m g  —c ’~c csa t , ’ m. he id I  Ihu c ’
a t t , ’ u  h i m ’ ~ j im ’  cc .u — s i u n um , w m ’ hi  hue ’ l c u u ’ u’ 11m m ’ h m u’ ic lgu’ Imaul u - c m u m m h u m u u ~ut immul m c i  — , ‘ se ’ m a l  u u m u ’ , l — , m n c ’ — a ui m le ’ c l mi i i t i m  a —c m l —
h ue ’ m ’ u u u - umuu u i m le ’ tm ’ e l ,  ‘l’ lu is us- ire’ was Im um h m li ii ga laati izec i. u’ m ’ i~lcml ~c’ l i iu ’ le ’ —s iiui Ichit ’ i t ~ cml t m c n m t i .  e ’ mm um i ’ t t u i t m tm , m u m
l i mI t c u ic l m k u ’  th ic ’  m ’ mm l u l clr~t sstu w i l t ’  l Ime ’ uu m a t tm ’ t I ’ — i t le -  ca n,’ ‘.tuc ’ u ug h hm lc ’cci , srIc ’c ’t i m muu c u t  u um a uag ium g st,’u’ I l ma ui um g
cc ,u— im iglm is d l s m - m ’ l u l i h c l e ’  h u m  hus c l rm mg m ’ u m e ’ rmcc ’ ki uug, wIu i~ hu ~m u i mc ’ u imu t  ~ ( 1 i mumm i mm ’ mt im— s e - mu uu i iuarc ’m l w i t h  a l t e—r i matus e ’
i m rcuhmm e - l u h ume ’ c ’ urr e ’ m l umh hu u’ e’aks itu tI le ’ i_ i u u e ’ c ’cca h i t t g .  ‘l’ltc’ uu u u m l c ’ r ia ls at llue’ — a r m u e ’ — tm e ’  uu gt hu le-’ce - I l .  d e - a r elmml l ~
— e , t u t l j u m u u  au icm i ctc’ ui us mu ’ — t i c  u m ’ i c l am ’e - Ihue ’ iu u uu rtc ’ umsi t ie ’  us- it-c ’ t nuaiu ul ai uueul u’ uum m hu i u g.  al um 1 u iuuuc l e ’ rahm ’ c ’ a t l m umt l mc ’  ; u rcu t c ’ m - —

sc i t l m gulls uuuuiieul e - uc lu h u l umu wu m caj u ’c ’ , ( m e - ’ !, [- l i l  t i m u t u  , A u m m u l h u c ’ n  m ’ s a tumju h r  cmi  a uu - e - e ’ ss tt m l ls Iu~ maiui iu l iumg
‘I’ luc ’ l , cm e ’ kht e ’ e ’ c i  — m i l m t ut e - r s iht le ’ I)e’e-~c Quest ( f ig. 61 sa me - s e - u ,tuhi ’ uc h ucm, ’ ~m - s d I r e ’ — ,

uuumem l m ’ um i ‘.iighut hs u u m , u , h it ’ic — c l 18 l um ’ m e - ’ e ’ I t t  uuie ’kc ’ i 200 A — l muuu , l , ’ — — — Ic ’ , ’ !  c ’ cuill h u u mum, . uut  maui,’ mit the s ta j m m l c ’ s
gu- miult ’ t ula magiud g i~t e e l . a e ’ t m m u,mlls hue-at t rc’uutc ,l tmm m u nt !s Imr e—e ’i lc jtat immuu hi ar u lu —u mmiug st ,’e- l m l u ’ s igmuatm — u i t \~ ‘e

m il ucu ni t  19k ) ksi (1300 \l Nmuu 2 
~ie—lel &. trm-um g t hi bun m ’ um — 535500 bum wh i l e - -lu t h uc ’ iu e ’m m t tr —a t r mm e m ut is e- it mas-ailahle

lumt ue ’u ’m l t rae ’t t mr e tm mu ghu i uei~s. ‘l’ Itm— agiuig Ir e - ate - dde— to hc ut w lm i m ’ h u t u r m c i ca lc hs he’ll th ie ’ stee ’ l l uc us e - r  j ut .t ie - u ugt lm
t h a n  Illat uuf  I) e-e ’p Quest us mis l ie - mt j ut sc — m s - id e- j ut time—
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QL I Oa suppor t s/ up ~m

1,1, - I  op ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I’h u,u - ’~~’u- — v ’d I , ,  k - - I  su ,~.,,, ~n’1 -si ,-’-
e-~~uu,pou,s . Fnm ;t RE 7 . Fi t t ing of high strengt h pr ecnp itat uon hardening stain-

less steel designat e-cl L.’~,S S3.5300 me-h ich cracked, because eufassern-
b/c -  stress , it, the extreme l ~ 

(- ,, r ro .c iu -e mar une atmosphere at Cape
Kennedy , Florida . %n,e- u,imu,-, u,”u, i \ .  ‘ ~‘ t u ” 1 s i r J I’ \I , - ,o - \ 5 5

w-iu i e - ’ h m e’mcn ie ms huig lu stm e’uugt ht us-as gis-eus ucnly after
usc ’ hu l iusg lm mget luc ’ r t ime - s[ c t m ru hue-misieIie-rei~ tuc fmurm t l ue
spher ical hull, The K,,,-, cuf the welds and hull plate
aile-r agitug we-n e -- iii tIde ’ rausgc’ ucf 50—60 k&~i Viii (55—os us- c-c c-m Id Ice’ umve - mag iusg at a huighc r te -mpenat t mre , Au iucth e m
MNnc :u 2 ) — m u  that thue- c r it ic al flaw su e’ bir 5CC se u l e - m t iem n mighmt be t I c  s’wit e- ’Im tic a ,mucn fe mn mcu s all m cy
us- eue - m l e - l  Ice— ahumu e - ut  0,01 imu (0 ,25 isunu as ’se - mnu im ig yield mesi s taust tcc h c m cth m c rac king and emt h uem le mr t nt s em ! cu~rru m—
— l rm ’ — — m ’ — , J3tt t  —m i ce ’  thme ’ -st e m- I us me-s us- c’ lc lc’e i iii I hue ’ us e-ak s ic~n its tIne- usuarimue atn ucus p here- . \11 L S’l’ANI)AHE)
e ’ mum udh i t i mumu , tIme ’ ru’s icl e ua h ‘-I ru’ — ’ — u ’ — wmm t m l c l  us mut 1j ke ’ l~- ice- 1568 (Material ami d Pr eeu ’ m ’ s ,se’ s (‘ic r Cm um ru cs j , u iu Pre-s’eu i—

lu iglu as 11m m ’ v ie- he 1 str emigtlu mu l t hu m ’ aged ticumu amu e l Cummutr um i u n  Ae-rcmspae -’e We—a pemtm Ss lc ’unu l

muctc ’r ial. m u d  t I de — cr i t ical  s u e’ flaw f mcm e’xist imug — Ir e ’ s -se ’ s j c n uc lu ihci ls time ’ ti - se- cmi pme —e ’ i pi tat imcu m huard e -ms ie-ug stai uule- ’—s
sa ul ’ . ~m nmiIu a Icls se - ms m u s e - t e - ’ h large-n, It j c~ e ’u u f l snu mmf l  linac’ — - ,Iu’u’ ls luc’at tnt—ate -el t ic t h t e - i m niax ilmmuns — l mc- u ig thd
t ie - c ’  itt “ u m c ’ bt —t r n ic ’ t t s ne ’ — Ic c grind tIme- se--ele-is us- lu ie’Iu is m ut it (Ff900 ) .
re - mIm ic -c ’ — tIme ’ —I n m ’— s raising ca lca imili ls cmi the - w e - h e - I A c lass umi ’ Eunmcpe- ams r ’ umu uul catau i t se - m h tuuarj uue ,~ sc um ’ —
e - r u d us um— amum l u’ muhaium ’es t lue ’ mi c ’ te ’e ’ tah c i l i ty mc i aims’ cracks d esi gned e- m iiug atm 18 jc erc’enl Mn S imm - rm ’ e uut Cr — tm ’ c ’ I
I c r c ’ ~~m ’ m m l ,  ‘Flue’ he- ill ac-as gis c mm amm dmrgausic ’ c umating s v s —  mm- late -el t cm the - rmcun nnc mu gne- tic ’ ste -el u se-c 1 f’m m r ge’ udc — r mu hcu m
1 m m  I em m r m ’ t t i l ly rnaj u uta i mmc ’ dl at app mc ux inum ule ’ !\ se - miami— me c teur metai um iumg niuugs e- Ie - s cm ’j hcm —m I c - am li e— n and (‘cur  us-it im ’ lu
i nd I um 1 imu ~ Ie t ’ c- t ic un sI  imlus aule - l i t i u m i mal j ni’urance in tIme - a K,,,, of 7.5 K-s i V in (8 \l\usu :i2~ hai— be-,~n nue a s—
fuu m nm ucf ’ e -a thd u um h it ’ le m- mmtt ’ e ’ t iuumu , Irm t ic is c - muse ’  t h e ’  e - ’ a t huc dj e ’  e- m ne e- l . T Ite’ 5CC fc re u lcenties mc! lIme— st mbns a rj uuc ’ h u h
I u r mmtc ’ d ’ t i c c mu —s — 1 , 1 m m  m’htc c se ’ n t ’ mun si ted ccl ’ c ’ar bmmtu stt ’e - l ste—c ’ l we ’m u’ ldm m mlmaiuI ~ sinuilar lid I l i um - se ’ ccl t h e  g m’ ne ’ m mu lm ui

‘~ae - mj f ie ’ ia l  mtn muele ’ ,~. us- hu ie’ Iu mu -s ntcct ee l j im tIme s c ’ c ’ l i uu uc ‘~Im ’e ’ I ,  V~ e’ k utmu ss inumnu the- je uc pd t lar iunc ’— ~ th uat t iuc rc’
u j i c u m s e ’  cumu u - a t h i cce lj e - ’  l mnuutc ’ c ’ t im m n us’c u u u l m i  t en d  h u m  h e r e - sm—nt  sc- c rc’ — e n s - i c - c ’  f’a ilmmres . arud tbmc— c ’ u m mr m ’e - ’ h is c -  nu ,’ asmmnc ’
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hI,u,ii 5’ , um u \ ‘ !II ‘5 1 I I

5% ,(‘, t i c  nm - r .m i m ih um ’  e l e ’ ” ugu m , \ c u h m ’  lu,’r,’ t l uat  h i d e ’  s ( i Im ~ m u g  cc ~cs i rc’~ e - muumu ’ c i  tmm hue ’ t ime ’  — l e ’ mmmum e ’ em nie i e — m i —mi mc ’ . us- h i m
n ccm e - r u umu ’  lie-ill ca mm— l mt mmlmm uh d ls  e e l  c ’ u m iuc j uh m ’ ~ u lu’ — igui c ’ mcuuu— c aust ic ’  en u te m im ug e - si t hm e arm%uu c e ’ r  atm ,] pccssiie ls t u m i d —
imar m’ c l s s j t lm /)e’e ,c () t ic ’st uu muu l hue - mi c e’ i mmucl c ah c ls Im m i u l Im ighu c - m ’ u t t rm tc ’ u i  h cs ; e - l tc ’ r u i a tc ’  w e t l i u u g  a ide1 c i rs itu g u l umm ’ iuug
nu- —Iulu mmm l ‘-I m u’ —— t i cu i m u  m m - s s , ’ m m u h mls  ~u— c c c l i  u~— Iu m ’ u i ig mi um e m l c ’ i u i r hu i ime ’ uc lmu ’ ra l m m e u m — . ‘l i i’  u uue ’ musi m m’ u’e l A ~ a m m m m u ’ m t  t t ’ mc uum
, , t  l u n um l m aluls ml t ime - tm - I t  um u mur e ’  a c i _ c ’ u ’ i u luhul e ’  t e ’ m ’ l ,  j hc um t l l  36 t i c  80 ksi \ j i m -I~()—--9() \ I \utm ‘ 1 p , t hu c ’  s lem e— ae l

-( i re- ra f t  !, um l t,s at  c’  nu~iuI,’ ut luiglu “-I r u ’ i m g t lm i n u m i m l c ’ t , — , —  hn ’ uu mg mi m Ic ’ tcu i rm iu uc i m u em uc ’ nme ’ i l s  , f t  u - s i z m t c ’ m c ’ — t i t m g  hh m al hi d e—
t im’  —I m’e ’ l , aummi cc ltu rm’ t ime ’ s mci -c’ mi i uch u ’ m —mi —l m i j t ie ’ u l  hc ’ ims jmc t u  ~mim ’ me1 the’ ‘-Ire’ s— e- ’ uc m mcms j cmn c rac k ( - m u  j u l .  1~6 mm)
j u l  — c _ r u  m e - c ’ . hI lt ’s us uc i m lci  Ice’ — i ui u ju ’ c - l  I m u  tue ’ s  lIab le’ t rac k— u ’ u uaht h t ’ - s uus 1mm umm uike’ aid iui e lc ’jce ’ ru ch t ’tu t c ’ — t i mctate - ut tI m e —
iu u g it t l le ’% s lui ce - l Ie - i  tm ’am’t  u s u t h u csa tc ’ r .  i u tc - huuu l iuug  a t t u u u m —  l ram ’ hc i ue -’ h mu t m g l I tu e ’ss ,ut ’ t l m m — —I e ’u ’ ! ,  -1i — _ m m nuj uug sic Iei pcm in ut
-s t u lme r ie ’ uuc ,u is lu rc ’ , ‘l Ice’s au- c ’ t hu u ’ u e ’ i mum t c ’ c ummlc ’ m I sc -j I l l 1 10 ’ k — u , 7-41) M\mti  2 lue ’ s d ’ ’- mud  the s imc up h iiie ml
m ’ m m c h m c t in iu um , m ’ uu uu mtu u mmuuhs  hm ~ e’ le ’c ’ Iu’ mme lc ’ i u e ms i t immmu ,~~~ e - me -’  hi J i’ca iui u ’ u~~,~i I ic ci u _ 0,0625 — (( .2 cK~./107( 2 . A k- 60
u’ Ie ’e ’t rm u~u la t i m ug us it i m e-aulu tmium , u u li~uiau’ u is t iu m ’ st e ’ e ’ h us IIu k-s i \Tn (u-i \ I \ mu , ‘ 2 ) tie-ar t i t e— middle- c u t  t h e - ’  ramuge’
c ’ tm , h mr itt lc ’ ui - m uut lu~ Iu’sdrcugm’i u m ’ u u _ u ( e ’ t m u u ’ u tm ’ u i  us i t hu Iluc ’ nmue ’asu re - u I e - lir c-e ’ Il~ , ( mm rme ’ c - t ise ’  umleasure’ s us-u-re - I 1 I tee
c ’ a cl imu j e - u uu m e - t me l e ’ , m i te - ’ m ’ i m t u’ mu tc ’ei ium t h e’ ate e l imuc iu ,e ’ c h iat els re - ’ e l m— s igum Ii, el iutu im iahe ’ t h e  ke’~ w a % s  itt th ue- ’ hmiglulv
h c c ’ uum ’mu l in I lIe’ c ut e - h cml im u il l  ic imi te ’ , us iuje ’ i m seal— t ime ’ lu s d re m— — t te ’ — see- I lumt-e rc—g idun. ( 2)  t e e mm s uc ici cudi m sI rue h ii ums cc hie’hi
ge —t m iuu tlue steel , Ihul Icak iuug mut h ue -’ ste—c — I uI’t u ’ m ’ plal iumg m ’ x t m u u a e ’ m h  huig h mh s s l ru’ ss e ’ei  re’g icumm s t Ic we - I  steans . and
Imde u ’ um l ’c i i lmg t u c  ~11l — 5—50()2 23 It at 35() dh~. 175 ~

( ,  a t i c  m , sm ’ — Ic ’ , ’ !  mci  iui ghmm - m f racture— tmmu g hm u u u— ss, met, loi c
t r e ’atmuue — mut us hu ic’h uula~ u t mu t hum ’ mi u ie’ e ie - m a lc Ice n c ’ i ’ j h u c - m m !
u le ’ nm , — re ’ml is hr iluutu’ -s t l ue ’ lm~ c I r c uge - um ,~uffIc ’ ie-ntls t u m  J\ , Sing le Load .,Patlt Designs
lu r i tug h ue’ iuda~s iid d e - i m mm ( ‘ umtt m ’ e-mu t rat j mm u u duucs ’t u h u m mi tmc l e ’ u’ —
:uh,lt it’c i’!, 1! tict ’ e’ usmlni it uu m m u ’ cmm it mn ,g s l uic e - m ImI Ice- aIermumie ~l hiug ht ‘-‘I re-—n ugi hi - stem—I - s are- numt the- mmn l) r , un,s I ruc ’ —
cur — c ma te ’I udi u l m’ e -l m e ’ uumm e - e - g ht t u m  e - x t mm cse h are’ s t e—e ’ l .  tin’ timmumal  miuatem- ia ls ss’hje tu me-md’ is c ule - —m ut ia lt y s- nmlne rue- ble— 1cm
c ’ aelnuiuuui w ,cule - I te - m i m i 1cm h urc - mte - e ’ t tiuc ’ uelja e’e-nut -ste- c! t ime— cm m nse q m ue- um cc ’s em ! su img le- —luc ad — pa t lm clesiguss. Bc-mt
fniunm pittimu g ( ‘ mu rruu s imc n us ithu a miruinnal hazard 1 mm I b me— y ~‘am m hue - Im ightl y s - u luu e- ra bel e- . Twuc examp les huase-
hiscl ru c g c—n t d ischarge- mi me - I w it hi cc iut imme-za rd cci muVe m— appeared its tide - i l l ustraticutu s used a lu mm s ’e - . aumd Itence
preut e ’ c tiucmm . as d isc ’ usm~e-uI j ut the- s~ee ’t iecum oru Catheud im’ Ihu i appear-s Ic c be- atm ap le nm e imria te- ic lac-’e t i c  call atte - e - m—
P r m m te - c - ’ t j u c u~. Camlnuiuni plat iuug is nuct sim ita icle - fuum appli— l i cc i d  tcm t h e-’ huazard ,
c’ mu tuec n us it is - uc lsi utg ~litIimmg ccn we -am. Al ’.uu it is rtuut re-u— him t Ime ruec ’k et nm u u h mun ( ‘ m i - s m ’ mit f igure’ 3, ceu i m e- the-
cmnimn ieiuc lee i fuur se- ms- ic e  abuse- 230 ~C (45() F) h)ecause- — I ru ’ s-s c ’ mm m mum iuc us c rac k Ima su groscit tcm a size ’ c ritical i’u m r
m u tIme ’ pccsmA ib ili tv cci cnac-’kirug be-cause - muf the- cadmium hunitlie f racture — , tI me - st ructure- i’ c imm e ,nu e- m l. Like-us- i-se -
it—c -If lie- kit s tem liquid usme-lal e- m imhs r it t leus me - nt ( , Zinc plat— the ’ c - must structure- m u tIme ’ SiIs-e-r Bridge ( frecnl ispiece(
m ug i— neil c- Ie -’ &~imalc lm’ bec ause- umf the - h azard cm l ccs’ er — umus dcuecu iued wise-n mcne sl rc-’ss ce ,rrum siecn crack hmad
pructe -c l i mun. anm c cmmg cuth e r reasonms, The Canadiaus propagated 0.12 in (3 mm). The rotor disk of the
Fuunce-s high mope-ed imrmdtotype hydrmdfoilBrcss e-rOr has a Hinkley Point “A” ste-am turbine disintegrated when
25(1 grade managing steel nma imm high speed foil w h ich a -stress corro ims n crack grew It) a depth ccf ‘/ie, in (1.6
is hi mul l mmus with the inside coated with an incunganuc’ mm). The eecrrodents responsible- fe-cr the 5CC in
t iuu u - -r im’h paimit : a crack adnuitled se-a waler , and ti me -s e llsre” e c - a - se _ -s were - re-spe-etis-ek ta ls w’ate ’ r. mit-

‘. uuiu ~.u ’d Im:e ’ u il e - xte - tmsiolm mel ’ list— crack us- a-s at t r ihcuted t ic  tstc usph e-’rim’ nu mmeistune - (jeh’ uuh cab l y cciiut ani iumate -d( . aitel
Iu~ c Ircugeui elisrhsargu’eI Ic ec ’ac - ui~e- uuf t hue- mcv e - mpmmmtect ircn ste-am e-’ ce uud e is so ate - . perhaps e - ’ cu usce - ntrate -d . Ahi were -
Ircunu z i tmu . (r,’ l, [5 J ) dupe- -rat ing at high rwrf t/ I7 u’l/ stre - ’- ss e ’ — , and in e-acl m c - a - se - ’

-ltu ui r ( - r of r Iuiu thng gear i-s typ ically cumnstrt ,cted cm i time ’ um mmum inta l sI ru ’s-s was c -he - sate - c l  by sI ne’ s-s ra ise n~’:
muuul rt c ’ I i s i t j ( ’  — t c ’e’ i  ushm j e - ’ Im mnav h e -  hue-al t u- e-—ate - d t u e  mis ut ut—tml—mcm um i c - I are-a-s in time— uc’m mutucr (‘misc’, tIme - e m —  cci ’ tide-
u cumuu - i i  mis 2-4(1 k i  165k) \l\ mms 2 ( s ic— Id st re nm gt im . AISI -ve— Iuar. and time Iuc mrc ’ ccf the - disk plus time - ke~ wav h um

~3-L() umm u c l . m n d c c mu mec - e -uu t lv ,  300\I sled s have- be e- tm th ue- cano e-’ mui  t h uc -’ tumb i nue ’ , Le’l tm -s t Ime-n s ut mu t muar ize time
m i — m ’ i I ,  uiuuml mit s u c h  luighi ~t me-uigtli le ’s - c ’ is t h e ’ s  mend ’ cci eleme- ’nut-s mc! ’ l I c e - mo m — gem — t ic-all y re - latc -—d failures: Ill
u-cem l r — m’ h igh!’, suscep t ible to SCC, Thu’s are. hme vc — SCC (2) itt mc—l at iau ’ Iy m n m i l u l c ’ u m rrc m m l c -u ml -s (3 1 iii ‘— imigle—
u s e r, c ’ac ltmu i unu plmmlm ’d. came-ful ls muitunituir ed f u r  iut — lccad — luat l n elc- -si guu s t mn i c ’ t t un c ’ s I 1 i’alcr ie -’ a lm— d ecf ’ sle d
it iat ing e- ’nat ’k’ -. and tIe - e~ s u,s tc i j nee - 1 stne- ’ss (wi se - mu imav ing l cm w m ac-h time ’ hi m d u g h t i mu ’ -’— 3 w i t h  Iti ghu eIe-s igmm
parked) is kept nmt me ’ i u im ,use ’t h iua t m unmux immm cm nm e-1e--s igmu -s t re - ’ se’s (e l ele ’vate ’m i Imy —In , ’ — ’ — raisers ,
land ing s I n ’ ’-— , penhe-a~c-s c- m e - me le - r 100 k i  (700 \l\ icm 2), l’iue le - sn-u u tu  n — a luuu iutla it t l~ e’ Im’a r : If lit m c’ eutmn ’ ue - —
Duue’e’ u igmeun , a ( ‘ mm nmheinatiuu us mci measure --s. mumu uenu e - ccl ’ e- l ue ’ mse - ’ c ’ - s  cm i a f me - iht mnm ’ c ’ a u t lm umt icc’ t iule - nate -el. tic e - de-—
w- Im ic- ’ b u m igh t be- ade -ej umat e’ . aduls tip t mm a largm lv sc- ic’ — s igute m i— mle ’ Imj eml t ide ’ mu l ct iu cud cu t  o itmg lu’ _ lc uael _ ~uat Ic c le -s ignu
u ’ m ’ ’-.— i’ut l te ’ c - i untu hcug ical scclut i ucus . e - m m t l c ’- ss 1mm - hum -s t lucuremu g hm k t umu sc leeigc cc l lc c dthu h um ’ “ l rc ’ ss

~‘, mu sk in a lem w— i s re - mo ti me’ (tt re~ciru ’ cml I lie’ Fl imik lc’y d c  e m - ru u mo j u  die I eumsn—il mi hi h mc ’ — and lice’ t rac t 11mm’ Ic mug ldmde ’ns -s cc i’
I’cu j t t t  ‘‘ -

~~
‘‘ p incer tslanut )Bn itaims ) ei i~ imute ’gmmt tc ’el d’atm — the ’ s l u m ’ ! , \mu te ’  Ihat tIme ’ ~C( - iaul iirt ’s itu hInt ’ ( c’ ium’nal

m u g e - ’ ,e - ta s tncm h m l n ic ’  lailtmrc mci m mm d c ’ 87 ~~~ tu ni eiuc c - ’  aut ml ~ .~~~~~ . ~~~~~ hmr ic igt’ c ij ul limit lead lii mm m ’ m mtu m st r uu j c l t e ’
m la nm ,cgu ’ t m u  1w- mu ie- Ieu ut ic ’a l ne’ighhccmiut g t t tr hci ne ’s , hu ts m ’ s — bee- au -s m’ um muh ike ’ l ice ’ ~“u l lc  u’ m ilrielge--. lI mu ’ (;rat ml imric l ge-’
I igat im utu — Inc usc e m  I tic at icrj t t ie- fmae ’ l tine- ccl ’ t hue ’ umu ante - mm — as mm-s a m um mill i j e I e — I  m cmi c I — j c at hm — Ire - i e’l lure • us il It rm ’e - l imutm l auu c v
— j h j e ’ — t , ’ u ’  I ul i”k lime-I ccr igiuualeel front aim iunte mgmm e - iuuul u u r j ut t l ue tc t uul t i iel m ’ Ita lIcs .
— h i m ’ —— c ’ u u m m c m s i l c i m  u-rac k lc ie-’ at e e- I in a kc’s ’uc mis - T iue’ At tI le ’ t ime ’ cmi tstatm ’ nj a l  — c ’ ! c ’ u ’ l u u u i m  (ii i the ~ i ! s e ’ n
ke’~-sc ums i m m cu ie m d iu ha c ’ ie-~ ate -’ c l the -’ ‘-1 n,’ — —  j ut lIi~e- I c rac k ifnj c lge ’ &mitd lIt,’ j u n kIe-a ltm mc i mit  te - i r lu int ’ it sc um - . uu,m I
mmg icm u u 1 mm — m m n n i e ’ u i u u t u g  ajc j mr um x iulmat ing t lim’ y b— Id sl rc ’e- ig hl m s misjc e ’ cle— e - I thm ,i l ~sC( - u ’ uuuj lul  m mc c lii icc t hucus t ’  - s t m ’ , — i— iu m
ccl ’ iii ,’ — lu’ , ’ l, T he uc , ru’ e - ce - Ie ’ tm t rc ’spe ,rus ilc lc’ fmcr lID’ c ’ i m i e ’ k —  l Ice -j r i u ctu ’ u uu i e ’ m i  m ’ t c s - j ru uum num ’ i ut ’ — . aumul mm— t n u l c - l nu ie ’
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t tu u , i i  ~‘.I lii \ m , l I m ‘ m m  I I —

uuu e ’ c ’ h u a u m ic ’ s lu m uc h tu mut ~e’t lmm ’e e- u e le - s e ’ lmu i uc ’ uI .  t I me ’  m - e e e - m — u ’ — u -ue , u ! , ’ - sc m ’ e - m u c ’  ‘s( .4 . I)d’ le c te ’  lirilllu’ lnuu’lu, c’ u,u u m i - s .

qt me ’ um e ’ e’ ’— mc! ’ hmas i umg mu shu m e - n i m c rac k ( s u e- Il as mu — ) i u ’ s — - \ ! — u , it t h u m ’  s l c—c ’ t  h umus h u g h t i ’ i — l m u l m m u ’  1mm ~ t :t . it l uu as
c m u r u u u s i m m n u e ’ r m e - e ’ k ( iii me- sh ne ’ssc ’e- l  —‘ I c e ’ !  m ’ um u u u l emuu ue ’ mul  I ume - s — l imi t  hue ’ uu , — m h m ! c ’  hum ~ui’ u u~c aga lm’ a I I u ’ - s— e - ’ c m rm ’c,n ’ i m mi m c - t u e - - k

iuug us - he - mit c - cm ’ utmu Ss k iu cuw - mm— lumus t rm e - m ’ I e - mre ’  t umu g h u i m e ’ -”” mit Is !e ’ su ’ ls !uu ’cc c ’ i i uc e - m gh u t i c  h uc ’ n uu m i l  l i l t ’  guaium hu u , e - m i u m l an s

c a e ’ u m ’  e - u iuk tu cu w - iu ,  nm e - mum lu-  h u m  m c l m u ’ u m m l c ’ , l’lm tms t im e ’  e ’ na e - ’ k i m ug tui icdlc m — tu e uh

in u m h i u - ;mt j s m’ u t  m - , u m i u ~~, ’ m m I , ‘5oe ’ i th u c ’ m i l ium’s h um’ m ’ i a e ’ k i i mg
\‘ . Diug i osii g ~~ 

nnmcu el u’ j u u ’ I u l m u t  um u tc ’ tc u uli’.t i ieg e - u u— h m leu ’ t us c ’ u ’ u i  ~“( . ( - aunt
h u sc h i ’ m u gm ’ t i  c ’ uu u l m n ih t l c ’ uu u c ’ uu t  I — u - c ’  ‘ l ’ h nm -umu ~ hc c ’ ! mm us , F’ uu ma !Is

5CC iii lI me- h i gh str e- .um oc lh i  s lc ’m ’ t s  ( ‘ me - ut Ice ’ ill m r ’  n a m u m e - -  c s c ’ h ic ’ - I l u ~~ c ” . h cc ’ lus c ’ e ’ i m I sc uc  !c ’ su ’ I - s  m , (  l e ’ lus iuumm i um ms c ’

lam (aluc uig tile gra it u h i mut mu m u la ni u ’ - s  m m!  t h e- I uniumn m c e - m s t e ’ u m m t m ’  hu e ’ c ’ n i  uc l msu’mse’c l u’ a i uuc lelu ’ mu ) 
- 

j u i mmc h e - mc ut tg muuI u ’ u ~~u , c u m m m ! ,mm

gra iiu~ . I’ig. 8). qu l m m—i — c ’ !m ’ mm s mm gu’ m m t ra u isgiunie - ul at w i t  hi c ’ u’ me - c ’ k i i t g  i n umh is t i u m g i uu - shu a l c l e ’  I ummimu s ui s t aumie ’ m l !uua e l “( .1~ ,

re-’s icc’’I Icc h ue- primer um t msh u ’ u i ihe ’  g t m u mt i s , (fi g, 9). ic r il e mit Vi l’lieo rv
cur e’ e -u r me -s tim ic rums e ci t  I c -u cal esc ’e— tie-c ’ . ne- se- usu huh i t t g f i g c - m i t ’  (c
cc! c ’ I ma lc t e—u’ 3. un Ics a c’ c c nuu hc in tm e - I j mmuu cut all t hiu c -’ e ’ uuuucm l e ’ s , - ‘

- - 
‘ ‘ ‘ II -s k i i uu s s u u thu a h all ht ughm .,t i’m— m i u c l l m s lc ’ e I s  au- c’ — m m — u - u ’ j u —

T1ue’ t a(’ hcd r usIume - ’ h u c l e ’ t e ’ nm u tumt c s w h u ic ’ hm um l tlu ,’ se ’ h hu t u ’ u ’  - -
lui u !e ’ hum e ’ i m i m k u t u g  hc s hm ’ u c lu u mg e —um,  l uu um m ai ms u - m u —

t e- mm cde - s is ucpe - rat m’m r’ appears tuc hue I lie-- A lu vu’I, t I lu cc-S - -  ‘ ‘ -
- e ’ Iuu n t n o huu im u ’c ’ s It is k u u u mus um t luut hms m !ne u ge ’ um m — j u n u uduu ’ e - — m h

k— s-e’ ls mc! A .  mmut e ’ mgnamdu lan cm ae’ ki umo t e - m mcl s  1 mm i m r m ’m lu c mlm u — - -  -u i c ’ c ’ i c c-a i t iuu im t im m ’ ’’ ru u s au u i ’ ’  — I m u — s  c ’mmu ’n mcsm , u d d c - t a m - k ,  ann1
h ate’ , at uuu te - m m e - c lu at e -  value ’s. c l tumu sl _ e hem e - V a u u d .  mi utul me - I - ‘ - ‘

- ‘ , l i t  t i lUi lS a de l i h im uu ma ! u ’ urc ’ cu im t s tm e - u t c ’ c — s it us k iummus mu I lu me - l
it u ohe - le-’ ,-e- ls . muu mc’ muds - c c ud u-u male -see’ ii(’e’ , If m e - or usc ’  Ii -sh e ’t ’ l ‘ - ‘ ‘ -

- ‘ - - t Ide - I Imc ’ nmsiumt lsum ant tc ’  c ’ mmt m m lu t u mu m us t ime—i - c— are t a s uun ’ me - h m i u ’
has  a leucs - t t ue - io I inc— ”e-s . it umi as uu u et lie’ ~c um s s mI c le ’ fm ,r h u m’ A - ‘ ‘

- - ( c u t -  i u s -elr m uge - im nu d ut ue—ml tu c ’ l u m , m u , I Itt’ u re - n t e u’al uuuau ’ nuu—
k-se- I t i c  be- raised hugh e- mtccu gh 1 mm ( ‘ atm - se ’ uuu ic re u s u u iu h  ‘ ‘ - ‘ 

- - -

‘— c ’ u u j u u e - ’  a lm lee ’a ru mi m e -’ e ’ cu t  ‘— I m u ’ - s —  c ’ m c n ’ u uc s l d u uu  c - t u e - u k - s  ut m big ht

— I m e ’ n m g I I d  oIe ’ e ’ in~ is h u m ’ - s me - Immu’  a’— lm s c lu ’ uuge it e —u u u im n i t t ! c ’ —
nue ’ t u t  u - r u e - i - k —  (e ’ xc’ t ’pt  liuu e - I ~‘

c( :~ : usmas le ave — e - ’ u u m n u u — i e u n n
— ‘‘ l e ncme l e - mu ’ t — cu ts  l ice ’ t ’t’ac’ l ur’e se - un t a e - ’ m —- s ( . m u d  l l mm ’ e - I e ’ im e - u !— ut

— .. 5( (  fm’ a c l t m nm ’ — m e - much I t s - e lu uu g e ’ i t  u ’ n umh mr i t t i e ’ nm i e ’ uu h ! r u de - —
l i tre’s me - — s it—s c m—c - I ic s Imiglm ne’ suu lmi l iuu tu  c Im’ct ummut t r uu c ’ tue g —

- 
- ‘ ,, rue - i e huv are’ im mc I i s t i i tg tu i ~.ium mhml c ’ . It m — iu ncchm al c le - ’  h tml —

— um ma um a .  lee ’ u lda lus e ’ au ’ i m Idled” I. e m !  t ime ’ - s m- nc u- c’ Im t i !m mi ’ u’ —’
- ‘ 

— 
- un t am u ls itug higlu t u’ c ’ uughI m s h , ’ c ’ ! —  j im a d l mue mm i u mu uc i l u c ’ m

- - 

‘ ‘ 
hm~ dm’ mmu ~,,e~ii_ lu~aniiug c u u s i I u m l l l u m u ’ n m l s  are el e - mc I c e  hi ’, elume
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\ I ums t 5CC u,r ta~i :1gim s t re - t ug th u sle ’c’!

I— 2 1~r’n—~ 
, ‘ — tr u e l imit ’s are— clue l um a c um u ut hu i tmat i cu tu  euf (le-signi Pu t s

-~~~~~~~ , u — — e ic t l c ! s  l muac h s _ aqt ue - umus e - t mvi ruum m n i m e ’ tmt - s  (wlmich nmay
m u  Ju d e’ e ’ c e l m ta m mm in u a umls irspcurla iut h um tIme - ’ failu re-s I. me - t u e 1

I’ m e n  nee~ H, Iniergr ce -n ut ,u r St ( mum ,c uem ,t , ’em cut m , , tu ’, ’l di , - I , , , I , ’ , c ’ ’ c ,  — n m — c  ‘ j c l i  l m !e ’  allie s no , ‘Flue- uid u u n~I i uss leuun ’tammt siumg le tac ’ I  cm l
e u ,  i ’ ’ e - e u i ’ ) c ~~~~~~ - - , - u , ’ —  i sn d m u I,, ,, - . ‘ ‘ 

‘ - ‘ ‘ ‘ -
unu m i’ ’ Ie ’ n i c muntiug tilt’ degree’ ccl s t t i — c e - p t ihsuhi ty
—l r c ’umg l h m k’ ’,-el, sc ht ic ’ I n t u , r S( (  me -sistaumu ’,’ ii u uiulul hue

,u” hum us a” ec t hm e ’ r  e ’ ec ns iel er al imc mms ieeu ’nmi l, Pm - e - n m mi mm nmm
imme ’ i t iimg s l i c e - k a m m e l 1ene’nc ie - ur m m usue - ll itsg 1c n ac ’ t ie - ’ e - ’  h u m

~~~~~~ 

‘ ‘ m uu ttu i u mmiz e - s e - i l I u m ,  ie i tc e s p Iu m ut’mm ~ m u d  uuxi dc — s au-c ’ s igin it i —
- .i’ 

‘~‘ 
- e - ’ a umt l v  l mu ’ nme ’ tl cj me- l Imu 5CC re-- sj st aul e - ’e , TIte c ’ uem u t i eiu ia—

t i c um t  mu ! ( ‘ em ruu lucmsi t i iuuu aim,1 lie-mi t hr e ’ alu s sm ’ m m t c - c h i c - h
- ‘ ‘ 

im n mu cluc e ’s Ic -c initt e- l mima i’Ie - ums ite —icumulcl  hue ac - ic i cle - mi.

e r , , !  m m I ,Im uem u u u n m ,iun ,l , m l , i m m m m e u u i c m m  umI I,,a ‘. IS I- - l luuucc cm , F,,). .
c, m o , m l  t t m ’— u ’mi ru - ) m t , u lu ., ~u\ , u — ( m m ,mg t ul _ t i c: ,, p 1-ti) . —

I ’  - NC ‘i Q , u u u r  m , ’ , ~ ’ ‘.1 C c,, ,  , n,  in ,ur ~ ’c u~uu (e u tm c en  heir,! , , , mc m g 2! j c , - m ,  1,-I , \lu rkm m—’ ~~~. _  n m - , ’ — — , , I T c u — I ’ T r  u rucm-k m ,u m m m en I , - - \ l u m — d
I,,, , ,, . u • ‘ ‘ ., \ T me , nII. s . (c m n ,, — , ’ , h’ u u p~ n “s , , . 1c m , “a u n t ,  5u’. ”u, 4 d m n ’ ’ -

‘u ~ um I’_ ,,~ ,— . _ I I ,, m — m uni _ I I~5 ,, ’ .
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131 B c ’ rcmmc —uu , J. -~ .uum ,i ~t uume - It uu u, Ihau,, l ui J ,  I c’ — m l um g anmcl E’c,e - Iu cuc — \ h — m m , u u - n —  c c l  l’a~cc ’ r— , \ac,u I te- - - e m ’  I, I~~Iu . St
ul um um , ~ u,l, I, \,,. 2 ct9 73u , p. ~~ U u .. j mj 7~ lu I

Ill Pum htu u r ei , K. F , , _ ”~ uuu l uuu su u uum e cu, ~iri s— u ’ , u rru , , ’ muu m u u r z tuku c mg ccl Cc ! Iu,, u u Iul e ’ ruu tm , t I I , ,  - i u m — u i n u m t i u u m m  ‘ml r u u u ’ m I , u u m m u  al c- uu u m m c c — - c m —  - -
uIc,’ u ,c ls. -c-,, ~.. ‘I. \ t ,, lmhm ilac le ’ I imh uu a, 1945 , ~u , 437. 186 31 ’72, I 1972 3-I t -

15! Car -sm ut , J, A , II., Bare-’ ,, K. 1) aluml hm ,,i u, r,— , B, I”,, F’umu u r il u 171 t”ra uck licu , 1). B., Dc — m e - cu  u - u u m c ’ r m a  I u ucnu. ’ ll mm , e - — , c~- — — ’  p,
m u cter — tua c - a l c’ u ,cu te rec uu - , ’ muuu mm m a rmmc ,‘ u - u , c r u , — m u  ‘ u m , Es m r ’ um u l c ’ u t —i uu l u u - uu u , k~u m e - ,  \ l u u u — l m a l l  “~
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CHAPTER 7

STAINLESS STEELS
(Auste iiilic and Ferritic )

Sla iumlen-o s shc ’e ’ l ”  m u s e ’  hI e -e ’ i i  s t mi i i m t e ’ - s — u uc ’— — i muiu ium c u’ils i~’as il c im ’ t i c  hte ’at iangu— I mrm ’ - s - sim uu ’ s m ’ s — u ’ !— Icc  l()(c 5 ( _ mul l
to the presenc e cut’ c-’ hm rcc it t ium, 12 penc e- nut m um nsc mrc - uc t’ t hu c ’ ne c - c , u c l  th i e - ut u semfi ’i e - ’ ie -u t t ! ~ rat micl l ~
sch uiclu itt a ste ’c l i— gc nuem’all~ e -’ cu, us ide’u’eml suu !!iu’im’iII h u e  It m — 1 muu — ” i he l e ’  1mm am Id a stmuung e ’mc m ls id c — i icnnuc ’t — m i d - h i
qtiahils the -c mote -el 1mm Ice- c ue- lie-el stmu i uu!c ’~~ , ‘I’huu’ — laumm le ’ —— a-s e ’ mm l uml c iumss (um iumiciun i) (iii type 347) Icr tita iuium ut
notee - Is c ’ c m rur ’~ie-1erecl hie’ne’ a re— tile h ut s sti - c ’ uu gtl m grmmc lu’ -. iii I s pe- 321 1 wh ich “sta hc ilize-s” the- “tee- I Icy Iv i l ug Up

whicht th te - e - ’ r s - s ta l  sl re - ie ’ hurm ’ i-s eithic ’r tau ’e ’ — c ’ e - ’ u i l e ’ rc ’ c l  muuuu —l ci the - c ’amhm omt in carisides nmccm e- s la iule t haut thu c —
cte- b ic-’ (a tus t e - —i m it ic ’, usIt ie’hi is u tuc mui uumm g uue t ie ’ (  cur hc cuml ~ u iuu’ mmtut ie - mucu c m , m m la inmiuu g c ’a n’Ic ic le - s, lacus e - me - nhcmc u t  m u d
c ’e - umte - r ee - l (‘ elicit ’  ) !e- r r j t im , sc lmi e ’ hu — -s t r mu ncgl~ u m u u ugm me t ie - ’ I . e ’ x t mu m l um cs c ’ a nl c ec m u gma(ieS are a’ ,’aula lshu’ hu m s ue m mm , -  Is~ ee -’ s
Scm iuse mu! t l dm — t e ’ e ’ l —  w I ui e-’ i t  ar m’ u umu iu ui m ual l ~ ume - u s tc ’ u l i h i c ’  munul are - ’ c’li’ec t i .m ’  its uuuinint izitug - s m ’ m m — m m i z u t i m m u i  at
udm as c ’ mm uttaihi e-nucci ghi muf  ,‘ithter fm- m ile’ er u u ume - m te ’ m s — itc ’  us m le - I s, la c ca c’ a r hmuu n s lme - !slu’ss -st eels a le - m u —e ma l i s i nch—
part icularly mite-n lueing (‘mule1 w mcrke ’ e l  hum be’ sc eakl~ c ’ atm ’ c l  le s hide s u f f I x ‘‘L’’ af t e r  t Ine ’ grade- rtuuuu lce -’ r,

tmm agidet ’Ic. Al Si l%( mc ’  301 Imm u— a lui ghi i cr mm h um u rt i mut t  mi t  ‘l Ime - — tai t u le ’~.suie’ss mmf t hme ’ -s e -’ - s teel - s ic— due h um t ime ’
aun-o henite -— . h ut  af te r  lceing e -’ uc l c l ca e - mmkec l it ( ‘ muttt ai i m s I’,m mms ~at iumtu muf a ti g ht . adhm e-re-mul m cx ie- le- skini mmii t l u m ’ ‘ - nun—
flitm(’hi nmart e- uts itc a imul e ’a mm h ue ’ tm iat lm’ s t u u e l m g  u ’ m muc t m ghu t i c  fac e- sc’iuic ’h te - ut c l s  t im isum !ate - thme -steel f’rc nm c’ Ime’nuj ca l
e ie- ta l it’s as a h igh — Ire ’ ms ghi u ~t ee l ,  It i-s elin~c ’ m ts ’-e’ul c - si t u c ’ i ts - i nu cnnnme m uh - s , ‘l’ite- sta bile’ s - su e - c —s-s i” linus mu m) an j ut —
t lu um ” e - ’ sle d s j im i-h ue-i sl e- n 6. Ii ic~ a l - scm nmu c ’e- m t iucne-eI luri e— fl s tn imm —i ( ’  j c;’uepu— rI~ me 1 t Ime - usme -tal . amid us hm eum tIme mu x idm’
belciw. There- are umuar le-mis itic’ pme - e- ’ ip itatie mmm isar eie -’mm — fi le - it I —  l c n umke - m m . as cams Ice dum im e — ummechanica hls dun cIu - um u —
i tm g _ and maragiuig -stainless she - Cl - s whic h arc’ dis — icallv Ie ’& .pe-c ’ ia lly 1ev e ’ it lemride ’ iuunm - s ( . I hue- imnscle ’nlvitu g
e ’ e - i— s e - d e’x c ’ lu- ’j s clv iut tIde e-’ Itapt t ’ m eun imig im ~.i mem mgt hm use - -hal mu mas f~ur m m u a inc-us - cm x ide- 11m m ) repass isale( . c-e - l _
-s he - e ms. ‘flit’ pluys ie’al mute la ile - irgs muf all -~Ia imt Ie - n~s c-ule - elc-~ hc-’ rudat e- ly. smunsuc’ f ’mmri sm md c mmrm u es i uum m.  iumc’ luml imm g ~ ( .(

i’. cl ise ’un’ose ml iii gre-at detail itt re-it- re-ne- c’ 111. mas e lust ue- . hum sme mume- t e - e ’ Iu i ucc l umg ie- mo il is e’ummm l t usu uu t Iurac’ —
As a mule- . thte - c ’ arh c mcm u c ’ cc uu tc ’ n m t cc l’ the at mst e ut it ic and lic e-’ tue  ‘‘ lea - s - s ic - a te ’’’ ‘uta i m ule -— ’— ste - el c ’ m unm jc c um m t—l ut - s  u um

t’e- rri t ic -  -stainless sled ” is ke’pt mis lumw as e ’ cuuudcuu s mj c ’ -s ruit u ic ’ a c i d  with cur  w i t lu c iut  suuu l i c - mm u m c lj e - ’ l m niu u i i ate — h me ’ fc em - e ’
us- i l l  allum sa - ice - it  t ime- re in mil n Ieest all the - u’uo~ nmt-r c ’ ia1 lime -s a t-c- plac e-cl in se- rvicc’. A flashu ‘lc ie- ’ k le’’ its hi \( - ):m
steels c- mmmuug hu c ’arhccui u sum t isat if the -se - -steels are- hele-l + HF ~ al-n e tn - se - i l  . ,0,uclt l e : e - ssm s al imuts t re ’al t uie usls are
Icing c-’ mum mug hm imd a htnm macl d e s  ate-d Ic ums penal tune zu muse’ . benme’f icial I It t Ital t hue - s I e- mmd t ee e’ le —a rt I Ide- -sc i ni a r e . intl
carb ide-s ric h m u  c ’ htr uu uu u ie - mn m us- ill 1e re -’ ci pi ta t e- .  imn u — tIm e-v do mueu t c cc u mf ’er lse-mnmane-uml bu u ’ nt u m e— — — . 1”e’cle-u a l
pm ve- rj s hing time adjace-tut regiuc ums j im c ls recmi u,murc amumi S ime-c ificaticun QQ— P—35 is eufte - n !cu l l cm w e- mi he - u  hea n’ i \ate ’
there-by alter ing tIme -in cce m rcc s imun behuavicur. l’hujc’ lure’ — sta immles ste - e l ( ‘cu m pdctse umts after ha is n i c ’ a t iuu mm , Time’ —

m’ ipitatie mi occurs icre-fe- re’uml ially iuu lIsa- graium b um i u i mcl— imnipeuntant pnuupe- rt y cm l t h e -  ut itnic ’ ac id iii c’c um uf e rr i mmg
ar ieco and i (‘ailed .se fl ,’j j fj z a t j ( c f l  , mmmd it is c c l gre-al parono is II-. is il uuxiulizium g pe- uwe r. mmcdl its ae- ’ idi t s ,
inupu;rlance tic th e -— c ’ m c rrcu s iccum tec ’ hsiumc lmugy umi ’ t ime — I umiu u— TIme t usi f ’ied Numhme- ring Ss ’ute nm desig uuatiueums h u m
le-no s steels , it can ice re - n u me s m ’ uh Iu~ ‘‘a ummu e- - a h iisg ’’ . usIu iu- l u  all st aj umle - r” s steels . immeltucl itig a t mstm—umit ic ammd fe -m mit ie - ’
iii t ime-se a l l em y s means e xte - uimle ul Iteatiu ig at a l ccue - t I  1065 grad e-s . r ’ m utds l - s I  mmf tIme - helter ‘‘5 ’’ fme l l ce w em l he y f ive-
( (1950 CF_ ) fmcr au~,tenu itic’ — Ie ’ e - ’ l s  cur 790 1~ ) 145)) - l- ’l u umm u m mlse- m s w hm ie -’ im ims u mull s immce - mrpm urat e - t lte uu uuu ic hse r - s umi ’

fur Ierriti(’ s tm -e ’ ls . ium ll ccw e- c l Icy e-~tm e -’ mu c ’ lu iitg mum ruu imiu l h u e -  tummmr m -’ cui mutn icun a h i e r tua t ise -  de’uig u ma hi cuuus , T imu—
e- ’ cmuc l imug 1 cm ncumunt t m ’ nmm t u e rat t um e - ’  le t  kee-j e tIne - e - ’ au l cmut m inn 530400 is tIme - a e - ms te - Im j t ic  stainm le ’ -ss ste -c-I u ’ uc m mmns u cum l s
- .uc lt m tjm cn. -~lterumat is e’ l~ lime’ — , ‘nt -si tiie cl -ste-el ) if i n — —  ctec A ign ma te ’ ( l ANI Ic -m e’ 304, ant I 544600 is  thut -’ b’nrj t ie’
te nilic’ ) nmas hue - hue-ate -el fucr a he- us l mmm c - mn - s at abmmm u h 8 to she’d AISI Islet ’ 446. ‘Flue’ t \5 de~igumat im c u s s h a v e -  nu mu l

I 155() “Fl hum huumicge ’nizt ’ lIce -’ c ’ hromi e- iuuu : t h i s  j ura e ’ — e - ’ mc nm usue — nc ’ c— c i hum a leleeie - m iuu lIme- te— e -’ I mi u ie - a i  h i l e ’ nahn m r e ’  at
t id e is Ic uec risky tic he a pre-fm—rred nse-a e-m re, tl u is us-nitit ig. t Ite - i-u’ f~m me— t ime cu u imt u mtm mu t lv  d mr ”e e - l dc ’- si gumu m —

Ese’n after the carh uj e lc ’ — arm’ e h is no uc lv eul auud he ld j ut l i ce l d — us-ill lie tm - se - cl iuc’ rt ’ ,
‘. mu l m u t i cc n lu~- rapid e - - cu c c l ie - mg_ tI me au m mme a hing l re ’ a l um m , ’ nm l l’ltm’ ge-mue-’u’a l apjc u’ muach fcmr m m smm ie- l iuug tht e - ’  s ( (  

~
er mchu _

mit , ’— nuct e- ’cciuf e r lce - mnuaude - Iu I iit sti rauu ce ’ agaimust me’ — lc ’ m mt m m li,uw n’utne nghhd( -sta in less — Ie ’ , ’ i s  mle iuc ’ ucel - s t l h iu u i m
— m ’ m m— it iz atie -cuu . us- hj c ’hi nummc - cue ’ ei un jut t he-’ hue-at mu f ’t’e ’ c ’  t c m l  lice’ c — u m s i n c u m m m n m c ’ u m l s  sc Immu - I m t lue -’ s - ani , m iun~ Ie e - ’ huumm l mm gie ’ al
zc m ne ’ md ’ a weld. niacie after mut m nm ’ a h imug . t’mcr m ’ am e- nn lu!e ’ , mm c ’c -’els ir uu f c ees m ’ , This c’i ca t c ien  ~ — au -e -’ nm - el i t u g ls uen g mmumi ze ’ el

— S t , u imm l e ’ —- s steel e- ’ umn t lcc un d e -’ i u l— a t ’ ’  s c c nce ’ t j mumu ’~’ use - Ide-il hum a c ’ c ’ e c rcl iimg 1cm c ’ i m v j mu mns i i tm ’ u m t  ~- aI u ’ g umn’ i e ’ — .
a us c mii— ~ta i uu ie -— s e- ’ arh e ucmu —tm—el prc’ —— m i re ’  c e ’ - sc ’ t , me - mimi
I c du n —l iu m l u l  hum t i m e ’  t mn e ’ — ” u i n c ’  s m ’ s - se — I !‘uuhmni c ’ uu h imu m n u ’ c c u lu ’ . 11 m m ’
l enc ’~~— m u n c ’  s-t ”u-.e’i Isa ith m mmcv s l m m m m m l e ’ — —  s t u d ’ !  mu t t ue - e - ’ I i — I. Marine En~-ironineit ts
i i tm ’ tmt- ” l i’ lie-ate-ti huc  620 0 , ( 1131) F l  l um re ’ l i m ’ s m ’ tu i hu n i—
u - mc I  ic ul u — I nu ’ — ” e ’ — h um mis m u d  br itt le -’ f nuuc ’ i iiru ’ c u t  h Im ’ e - ’ mm nhc um m u i tt sea j u a t e r  at e e r  nsm ’ m c r mmmcm i i i  t m ’ mcs j c t—u - a lu i ’ e— li t , ’

— I c c ’ ! .  h)mi n imig th u i— —Ire ’ -— ru’l ie’s itsg mu uu mlc ’ ul! . tint ’  stu u i td — d’ umflilsdd ’i ’ (’iid l m mt istc ’ uui t ie - ’  m i umel lm’mn it im ’ ‘u la ili le -no — —I c’e ’!—’ t i e ’

Ic ’ —— — h u m ’ !  g m ’ t ie ’ rm ui i y hce ’e -’ cu nne’s ’.c’ s e ’ m e ’ lc — c ’ n m — i t i z c ’ u h , . u u mu i mm mcl u’ ’s l me ’ m ic ’ t t e e ’ ~‘ ( (~~ . 1’Iue’s arc-’ . I m u c usm ’ v e - ’ n. ‘—u i h m j c ’ e ’ t  l u

itu t ic i”  —i hm i a t i cm nu .  e - u” u i u uul! ’ u i r r e ’ s u ’ m — i ! e l s , mu — II ‘u l c d  c-n - u ’ s - ic -, ’ e ’ mm m num s i u mtt  e m ’ ~e it t i ucg t i c  lit ,’ u’ - s t c ’ is l  t hcm m t t hu , ’ c
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5-’ m c m ’,I c — ~ ~‘ l- F~f m  —

a te ’  ul mut — mui l m h i u l e ’  t u c i  ~m mumlum i u g c ’ c i  — e - ’ t c  m u - u ’  t in s u’ m I  55 m m l m ’ r n- e’e- lu i i - euuut ’ umh - s c-a tm hue ’ uu me ’ l , ‘l’s s ee ’ 3 l(c Iu um — ‘ mule - u l m m m i ! m l c  —

e - uu u lc ’ ,—s ~l cc ’ e - ’ m , m ! l ur m ’ e - ’ m ue u l i mmu u - s  l Id ’  hmikc ’ t m ,  Uumu’ ‘ u m u m - hu  1mm - u— — t ’ um uu lu um l  m e - u ls a um l mm gu ’ :  ‘I’hi is — tu ’ e ’ l  e - cu n mha idms 2—3 J m u ’ m m - c ’ m u h
e’ a l u t im m um m ’ . u - mmlh m mmu i im ’  ( c t c m t e ’ e ’ t l m c ! i ,  1! IIic’ t t ’ t I’IIii ’ -. te ’c ’ ! nm uc l sI e uiu ’ t u u ,m u , h ue’ j eI e ’st ’ :me -’ c ’ m et us i m i c -b m i— :c ’a miils ch ’ —
mI re ’ e - u s e ’ t ’ i u u c u t e ’ e ’tm ’ u i m~ m ’ u ’ ( m e - t h u mu el ie’ Ic m. umt e , ’ , t i uu iu iuu c li, (dl, t e — c’ le ’el lu s a s i u im icle ’ lcmch l u — I  - 0! Ihuc ’ s - u ulmi c ’ rmc i m lu ’  c-Ic’ ,’ !”
i htm’s mum - c’ apI I c c Ic li stm’r mur t rac k Ice ’ e ’ae-m sc ’ cut thuc ’ h us m l nc u —
ge’uu u l j sc ’hu me-mg e ul his liii’ e ’m u th m umc hi e - I u u m i t c ’ c ’ l i m c m m  a e - ’ I i ucu t ,
II e ’ u ie ’ e -’ it u- i urcuhu me - bl~ e - u l u w j s c ’  iii umt l c’uuu l c l 1 mm Iui’ du t u ’ u’l
— e - um - I u -sIu ’ ,’ ls 1 cm a I u u mte ’ u l t i u m l  muuuu i e ’  mm egm e - I m s  u’ thume - uu a hu mum u t
—-0,8 5 ~ (SCEI , ‘l ’hce -’ re ’ a re-’ su m l um e - ’ um um u i—t , 

~~, me - tu t e ’ m u i h j e - ’
l m u mt i ! t ’ — s ~I, ’e ’ !— it as- iuug c’amhumci t  e - ’ u u tuh c ’ uu l - s  ccl ’ 0,2 I ue - ’ r — - ‘N ’

u - e ’ n m l  ihti gite’ r t h tm e - t e - t ime ’  I ‘-u , grue-ele’ ’i( w h i c h ,  sc Iue ’mu
se - uusj tj ze’c h. c ’r~mc ’ ke ’ ci iii se’a us umte ’ r at rum u mmut ic ’ u uu ld e ’ ra—
tune , aide 1 e ’ se ’ mm Iui ghue - r c’a r hmm ut u a l luuy-s 0,5 ec’ re - ’ e ’ mt l  C) — ‘ —

crac ked iuc —cmi w a t e r  us u lh tu m ut  Iue- i iug - sc ’ i i s i t j zu ’ c i ,  l ile-’

~i~ I~~’.t~e 
~~~~~ 
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~~t
; 
~~~~~~~ 

aIIm u~ hu u~ h 
________

l’Iue’ t t uiuiu ig t ism ’ul hum huu’at hi c i e - mie l  Iueul k c - m u m g e e c ’ — nut
mume- r e ’ Iu u e - utt hmi ies muu,e -~ lee- e - m u me - m le ’ mu ! u e - e - i - s t e u t i t i c  — h , u i tm !u ’ —— k
c-I c ’ ,’ h. typ ic ally c-e- 151 ty pe 316 icr 3161,, ‘FIie’uc- hue al inm g
e -’ c uj lno . whe -e -” uu e ’ um l e - l afte - r cl ischtang iuug a icartict ular (‘arg um .
uutas Ice-- safe- Is w a -sh e-c-i c-c ith c - u’mm us um le - r , Imut I hme ’~ ______________________________________________________________________________
s hucuim lul lee’ nimmc. e- d i t ut nue-dj atc - ’ iv w i t h  f ’nc’,’uIu us- miter 1 cm
as cu i el c revice - d’mmrmu n ’u iu u m s, aum il especially they nmm i m— l hum ’

nut-se-e l ice! ore —Ie - ’~i nu m i —  ac ln m ihte - e J _ fo r imu l ie -a te-il —c ’ j  
-

wate ’ m. c ’ I m iumm icle-’ ~ ‘( ( ) c lj - sc -’ im - s s e - d h ce l eew (  is a h ighs
hazard hue se- mel t s l ec ’ ls ,  F’mer I huc- n’u auss e- reasu md—
mm sm , i m l i uug l imit c’htl uenj de 5CC —u ’mu mmd c—n m se— r s usi umg a ims—
le- t u ilie’ tmu u mmh e-’ ”’— “- Im ’ c ’ !  t ulce ’s mmm t ust lIe- —u cu (le-sngume-(l me -nd F’iu .n Id 1, ,SL(, mc, .1!”,! ic-pc ((H s ta tn / ecs  s teel sic - c - Ic in sec -~ um- e mci

umu ai mdl ai umec l mm -s ti m p ru’s ,’ mdl Iii ml —u ’ mm u s a t e n  1mm me - cu c -u m mml ae-’ t — the ’ charm cud’ cam ,esph, ’re ’ ,ue ’e,r ii i d e - h e - u  rd sur f  at (,apc ’ A c’em n e’,i,

i t t”  I lie’ —‘u le- ’el , slag cc ,m c, 1 — \  m l , , , , , ,  , , -~~ I ~~~~~~ ea,nl c ’ .. ‘,‘ , - , ,‘‘, ‘uuc u~
- ,,,,,‘ ~ “i,,,i I_c —m, ’ ,—l ‘u,, ,,,,ic,,,, n m he , —,cu .,cIl ‘ c c c . ,  I , , , , , ,  m ’ ’’ - . — ‘ c I I I ,lit t ime f lu e - g rin d atne-osp lzere ’ t ime -’  te - ludjee - ratu mc-- mci I ide dci,, , I ‘ . c c --~~’.n a m, j  I, ci , , ,  ,, s. c — c

-. , m n h , e - u -e ’ mci s tc ~e-l u t  — tm u u l ighmt . parl icumlar lv in trm up ie-’a l
• a m - u i  ‘-ubt rucp ie’ al e- ’ l imate -s, may namige tm , m tie-ar me - I—

nuc csp huc- rie ’ Iem uit cematt ime- t ue mine su lm notamutial ly it ighuer,
-~ l I I tmum mg hu s ( (  : in— ‘uel(Iuunt -“e-e -’ tu j ut at mr’ uleuui tj ( ’  mum fe- nr i t ic
— ta jm ul e s— “tee’!— in mm th m e - r u mi nmmm u — ’j ul mm ’n ic - cmu ne ljt j cums , in 

-lIce- nsar imue - at nm e us lmh ce - re ’ ~‘c ( .( imas huu ’en -se-en area— ‘C , , -

,si m n a I lc . pan l ie ’ mm l m e- r lv j ut th ue ’ Irmip ic’s , tcar t ie ’e - i la m ly )IeuI  - . 

-

uduct mm ui l s ) itt h art s hue-ate -c l Icc- -s cm hum r rae - lj me - t i cu rm . in tIm e 
- 

:1

fc ill muwj uig AI S I Is j uc ’ s : 201 (sens i t ized ) ,  202 (se - us— I —

sit j z e ’ d) .  301 - sc m ’ me - I - sue e’h, 6). 302 ) n ’ u e uu - s j hj ze - e - l ( .  303 and , , 
-

- 
-

c ’e ’ iusj t izeel 304 (Ic Ia&~t id’ally st ra umue - e - l t ,  all cu t ’ whs ie - ’ hu are ,~~~~~~ — - 
-

at ms iemu itic’ . mute - i 430F _ sc Iuiclu i-s fe ’mn itie ’ . I ~n- u ’ e ’  lugs, I ~‘

and 2( , Type’s 302, 303 amid 430F’ c ’ uui t t aj r t  e - s pe-e - ’iall
higlu levels mmf scilf nir cur  seim-nitt uim I c c  nuake- time - nm ‘2 -

fm t -e — ntae -’ hs imuimug. ac uu l lIst- mestultimug siu lfìdes u n  ~‘ -

s e ’ Ie —mm ie - le - s ,i ne ’ pmumhea ic i, me -s lt imm isllc le 1 m m ac ’ce ’ ie-nated -, -

imu i h ia t imumm ausc l ieerhuap -s pmuc pagumt imcn irs t htt ’ ’ um ’
steels , \ ,e lc’  thu- w,urel “cue-’e’asiecna lly’’ ahc mus ’e is cmii— - -

phas i-ze - ’c l. h,argu ’ ruui nuhue ’ ms uui taunle~~ - ute -el  ‘.1 u m u m - — t
te - ime - ’. ‘~e ’ r sm ’  — e - t cc ’ essfe - ul l ’u m u  tIme ’ rs m mm mj mu m ’ mutnmum s p hue’ rc ’ . ~ I 

—

amuc i thi m ’ f’aj luirt- s re ’ h m r m ’st - idt  e - xu ’ e i c t jm cm ms . ‘Ic-i ce -’ 304 I, -
~ “ -

nu ight 1st’ usuer t h u lIce ’ pre- ’t luiui nm i tum u im ’  u- s e ’ ucmuc ’eruuc ’e l c-c t ic
a cr i t ic -me - I  c ’ u m ml u l mmm l ueti t  c a hj e ’ h i  us- ill Ice ’ uum ma s cm j u l umhe is  — en— ‘ -

‘— itiieul iii us mamue - mi a c ’ tuurt ’ ,
Pc’r i m me - i i c -  e - ’ Ic ’ ue - nsidm g i c  m m ’ i u m eu c u’ a e ’ c ’ uu m e - m l u u tc ’ c l  sail, -

~uar t ie ’ mul a nly ii time ’ ~i Ie - i a h j mctm l uu ’ r rc c j ts mu f ’mu l lu u w—tu l c  a l e—
h ui i e ’ a h , mu m u ‘ci a c-s at e— r —c l isp lac’ imm g mmi i  l e t m u c , . us bue ’ l pi mm l in 

-
nuit igat imug ~‘-‘( . ( - itt lilt’ niarimuc ’ a tuucu cs t m lu m ’ r c ’  i ts s t n iu e ’ — F mc ,i ucF~ 2 S ( (  ccc  ( c e -c ’  nm,m , hm c m cr m c Ic - c , m t m ,  o n , m m , m / c - s o  au’,’/ , 41St m sj c c -
hun,’ — numudc’ mci 1 m m ’  — l e e ’ ! ’ — n c e - ’ u t h jmu mm u ’ e l  m i l ceesu’ , t”u,r e-’ rj l i— 4t ~ F’ . n,, sc -n c , ,  ccc nh c - c, ccc u, cu ’  cm ~ r c m c c s p hc -rr - t ic -ar cu - c , m,I n e cm,,! s u r l  mn

- - - - - (_cu ;ee A, ’ ,m ,m,- c / m , \ m ,~ ,,,I ,-.I i’, ‘ , , . i , ,~~~,, h — — u -I ,n I,,u l m t e - ’ m m m —’. 1% r~e- ’ -s 1!) I cur ,t 16 mmmu gh t ime -’ iu m’ e’ fe ’ r tu ’ e - i  u s e - u -  n . - , , , e , , - cm, m , , c , - , — cur,- c- — . , , , , I , , — , , - , - i  - u,c — I- , c , h , - ,  ~~~~~~ ccc i m m c c l  . 1.1
lIce ’ cei l tc e - m a hd c ’ Is Icu ’~ c i te d it ’ t ine ’  mutm ’ u ’ b ume - uuuc - u u i  I~~~Pe-’~’ty - ‘ i- i - i  ‘ cc ’”  i,,. rrd,k ’ - I , - , , c , ’ ’ , .,I 51, J me ~~~~~~ s . c — c
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“ I c- i’,m c — —  “ h d d l

uum e mm t iu mmi c— c l  a l c e u s u ’ , uu m ,!a 34)3 , u u t e n a u i e - —  mummu i c  l em l u ’ um u muum , lii, Ch loride Cra kiuug
mun t el t h a t  ,uI mi ,.e-t’.t utim ni mu ll’, mccc - , - ,  ! u c i ’ i  l I d ,  h m c ’ m d c ’ m e l
uuume - xiuuutul u m ), ‘l’hm ,’ f lm c - m ( ( ~ — m ’ m ’ um ui — m m m i m m ! e - —— — i u ’ c ’ ! —  cc ,u— m u m m u m m ’ u u t m ~

~
—

- u ’ h m ! u c m m m l u ’  e - m m c c - k i u , g ,  c-s lmuc hm rm umtain ic. Icc  f _ d c  m huc ’ rum m u—I
in t un e ’ c m u lu’uul t ’mm mu mm ct  ~‘( :(: itu s t aimil , ’ ” “ I c - c - ) —  iuumla ~ - I n

II .  o t h er Low Tt-nmperattmrt’ Eid%-iromuuuleittn’u luas hu c- e ’ uu uu l u — e n s e~e- ! mum , , mm c - me’mmi i iu  c - lam ,, ! ,  —— -.t u’u’ l’. mc i

c c - m e - t i e - c m ! —  Is ) c u ’ ~ u m m —lu -me - mum I umc use ’ r  p!ai t l— f c u — — u I  tue—I au mm i
m
~ ~lthiuuug hu mime — u ’ umumm n ue ’ ue j uu l t ,  ~~ m m , u ’ , i c ’ tu i h im — I m ui m m — u mu c ’ Ie ’anj , c Ite ruu ie a! is lanut s . t ec — e - re u !c-’unuu rc ’ t i uue —ni , n- , m Ite ’

~: !e-’ no” — it—c l-s dcc tu e - ct  r ’ uac - k ium —e-’ a sc ue - l c ’ u am rumuuu n ,  i e ’ u uu i ue ’ r— t u m u c u l  l m r uu u ’ e ’ c - c - mum u i m iml m u -mhr ~ , thmc ’  Icul t u mmmii l a t e - u  m m c d m j — —

a l m u n c ’ — , ilu e -’ r c— arc ’ nl mre - c— gu- cuuu p”u c c )  uu lh i u ’ u , e - c l c , u ’ u u m u — , t rs . 11mm ’ uuuc ’ ta l  J uru u - c ’ c - — u m e - g  une cl uc - Iry . mi t m u l m m t h u , ’ m — . \n

c’ lue ’n m u ir-al , ‘ c ,s i r muuunuum ’ n uls sc hmi u ’ hm re- itt m’ duisc ’ ~~ . t ~u I  c ’ s , d u m m t m !c ’ uut ‘-L( . i t t  ~m n \I~”l n~ Iue 34 l ueeu! e ’ n  — , I t m u ’ m -

ruuu d u m m mu ’ uu ,pc -r a tui re .  Ic - a c m mci t ium ’ u u m ml pu m ue - t i e - a l  i nuu t ccum _  hu , ’ .e- tu ’ r 15 1c c ’ m — “In ueca me - m u  fm g tm n u ’ 3. 1 me-le! e ’ I , !Ie-m shraIes

laude d— . anmu l lbte ilminul atm i i t n e - ’ ne ’ — lm mmg ! a l u m m r m m i m c u c  , _ m  t Ie - c ’  cc e - u h e ’ n _ i c n m ’ ue l n u a h m m m u ’  cu t  mIme ’ t u n c fc i c ’ mn m um i cu ui u m u ,.

ruuv im ’ c uumu m m e mmh:  ( 11  P e- , / c -- th j c c n j c  e - mciu l . c m - a m u — m ’  “.( - cu t  u c ’ u- hmmmuu!um g mu ” .
,.e -’mi ’.iIizt’el none-el -s at r ,cc m mcc h e—m n m t me - ’ ru u l  muru ’ , ‘I’hte- ’ - sc ’ m e - i -m u ”
m mcmi hue fuemim m e - l imm pe - ’ l rmc lc ’ umut re ’ t in mm ’ rs c u c uum I u m m m i u ’ u u u  —
umt uch e’ r c-c ’m la in c ’ uu m u e - l j l i uummc— , u e - mum l f m m r t h m e ’ m  l i — u - m m — — m u m , ,  m t
ui u e’muu Sa u l! hum— elet ’c’ rr e’e l l c d  tin,’ ‘ ‘R euumm e rs -tc l m h u lum ’ uml i md m ds ’’

“ c c l  ‘ c l i ,  12 1 DiIutc’ /iuc ric/u’ ,‘umu!i ilj (un humus Iue ’ c ’ nm ble- utt ircl -~~~~~ 
.— -

tuu r  e - ’ am us inm g ~ ( : o :  j I m ae ’n,i i t i ~ed tv~m c ’ 30-1 -I , m mum!u ’ -- - m m c l  -

j im muc us Is c - uu mu — t  rm mc ’ ne - ’ u i  uu tue -’ le -’ ,e-r h u mu c c ’ d—r c ’ m mn um l muuumm ’ uu l  — 
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notur iac-c - ’ are’a— . u ’ re - ’ % im ’ e - s.  e lm ’s - mu le - mi tem n m t m e ’ rat uu r u ’ s autu l ( ‘ 
-

s- isi hs lt— uc x ide — ii h uts la-s nutas at utce- ar mmear weld-s I — cc umu -
—

nec Itr’,mmmete h u m —  15 1mm- cut cr,uc ’kiutg. wh uich t is mmm c , m mm mc m l’, ~~~~~~~~~~~~~~~~~ . - - _ ~~j i~ __________________

m e - c - te , granular. (.cc uut ’c .’uml rat m m mut ” ic-f F as Icuw ,m — 11,1 m u m
st i ff1 e-’ed lii te rued ue-’ e ’ e mae - k iii g i mu lie-bc cral mery m e n - I , Isu I — — —  ‘ .

~~~~~~~~~~~~~~~~~~~~~~~~~~~ t? ,
m
~~~.~~~~~~~

m
~~~~

u
u

m
m

m
t~: 

‘

~
*

~~~
mu

~~~
1 

_______________ 

-

ably weld flux, Phec ino phuatu ’ u n  lus ci rmu z it ic ’  u u u l m hit im cit-s ___________________________________________

—m ac — el  tuc pmevenl t h e  cnack immg lu h , e - humur ,e - u u m ry I c — I —
I re-fi ’ u. [2! and [3!)~ TIme prm’t ’c-’mrc-el mc’nmed ial nmu-’ ano u u r e ’ m —
p nuu huahcl y met icu lmue -us c lean— c m i~ aum e-l p me - c ’ kag i nmg i nmm — I -c c .~ cmt t ,SC(, c,, I cc c c’, cu, c, , ’ t c -, ~cc f c c / , ~ c c n ~~- r c c  c c  cc,,,, i, ~i 4! ”!
mm-cl uat ely fucl Im usa-I umg fabm icat uc umu amid Icre mmmi  I m’ —~ ing. II c c ,uu’ 14:’ ccc,,,, ic’se- st e e/ .  l I , , - , , - , , , , u , , , , c  u-,, ,, I , ’

is pc-essible thai lac’ u murs in addil imumu I c u )l iu uum id e— ummay be , u c , , c c c c — , c ’ i , - c ’ ’ - , , c c

irnu puntanl 1 mm this !‘e- mrnm cc l c-macki utg a— s u c um me ’ u u t h e n m l u h —  I~~
,, m,,, ,,, ,~ ,,-,,c ,s c ~~ c c c  I I,  cl, , ’ cc,c I .,,,- _ ., ,u ‘‘ ‘ ‘ n o c  ~~ - -  c cc c ’

1cm re’ pruuduce- the lailumes in the Iue - lmuur alu mrc huave ’ i mmut dci  I, , t lc ‘I, 
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“‘ ‘ ‘- ‘‘ ‘ I c ’ c -  — ‘ ‘ c ’ ‘ c~ ~

u dc.-cc ~ c d ’ ~I-.

ice-en ‘u cue -’  c ’ e -m sfe-ul, The- nia rind dl m nmmu — p hue-ri’ h a s  lcc ’e - ’ nt ‘ d ~~ ,uu c c - c , , 
c ‘

blamed for crac king its imeasil y - e ’ mm ’ - it ize d t~ tue 304
cite-el , ( 3) Certain strung acid s mile - u i im m mc c c umuli mdi mu i mug
c’hlmer ie-le . cch’ interest primarily a— la luuura luu r~ lc’sI e nds
rce nrne mtt— . have hem- n f cmmumn c l e’a pme- hul e- ’ cci  c ’ , ucm— i m m g “( :c The’ pmmnma u’c e - ’ a e - m ” a t msc ’  fae-’tmm m’ s m m  l ime ’ i uruu iel u —m m m am-c
in austen itic slainless slc’eln’ at muuumn i mc nmp e’rai t lm m - . as fcull ucws:
These have in -iudec l tide - imcl!euw’ ing : 5 \H 2~ 0~+0,5\
N aCI 1w hic’h produce-el Iu uc l h inch m’ rgma it tml,u m a mmml I maIms— (11 C imlu un cle ic cu t s in act ue-— m ‘ mm — s uch c m li ’  ‘ mm c u r iii ‘ - cc li i —
granular c’mack ing): 311 H(.10 4 + ( 1 , 511 N,u( 1: and t i um ums e-’ uumm laining cc al,’r cur icer luat es mm hi m , ’ r e’ Ie c ’ —
O,5M — 1.OM HCI. Any -strong ac - ju l  cemrslain ing a t ruc l) - t m ’
trace e-si c hiecnide nuay cau — c ’ cracking at noesni he-nm - (2 ) Se- ustaimued te ’uusi le -Ire-no-
pe-mature. Perhaps thu- c racking iii 11cc- cm- u ’ u , v i rmcmm - 13) -‘ susceptible c - nc - -el
ments i’m akin I c c  t Idal in hue-ct c’h lumride emu virmumunm e - unt — - I- Il Oxygen mum ether cexidizen I r ’x c c ’p t  Itmule ic —I

Tap water pIus 1 hce - ’ rc m nt H\O’e iia. al - sue Ice - c ’ um ru-  helmesc (
pc)nted t i m (‘au-se e- ’ rac ’ kinc g ucf m s ~ e,’ 1)) I — let-I at mumu mmum (5) Eles’ated lemperatu mme (exc ’e let as ic iu ie-u l m anlj er
te rn penal tune wit hi mum wit Imu unit ad c lm’e i m’ Iulucnicl c’ , -~ui l — m m thi s cluapter)
fumuu uu” ,uu’ id I — 

~c t-’
~ H2S01) aisme raid ca ums u’ ~~~ ~ m u  — c u , — (6 ) Fas-cura is im— el m - c - I ruee’he-’ nu ie- ’aI pmu te ict ial

sil izc ’m l st aj  um i e ’ ”— “lee-I al di r near rmmc enu t e rn  ice- nat mime ’ , I TI ()ppmimi m muci n s- Icc e- les -e- lucp Iuec ’aI ac - ie- li t v
He’as’ s .!ahs  mu 1 type 304 are n’ue ’ iec ’j t ii ,e-’ul due-e tue time ’ (81 Oppuertun its loT local hreakm imrcc um cut ~c mm —— is uI~ -

m u m m ! i nm g Ire-mum ti ce i m m u t mcmll iuug tenm mj tc ’ ma l mmm c ’ . ~l’te ’ m -
hieing heavily grci umue- i I t ,  me- me- us -c ’ “urfac’e i t m m t ur rfc ’d- — \~ e’ w ill consider lime-se fa cm uem s in lime -’ umre - Ie- ’n gise - ’ n s ,
I , c u m m — m  nhey mas crack intergmauuuilamly ii clucred ecu l — The chlor id e tutu,’, can hue sm u p~e! ie-’ mi les m u m alnmuust

he r— in immu luist n ia l alrnuusphm- rc-’ m  tuu r — d ’ s , ’ nu u l  rnucnths , irie’ree-l iImIe- dj au—n s i i~ ccl s mu e - u r d ’ m - no : s , ’ mm w- uule’ r, lime ’
l huu ’ — uu l imtiucn luc t hu i— temum icl c ’ nc in- t u m  rc ’ gni mmc l to re nuc us u’ rnuarine at ntc ms p hiene- _ mis-er c-s atm - n cc - s it im mm u ’ i u l e u u u c - l e —  c e c u n—

i iu i ’m Inc - m it c racks  in aims -shalt - s that humu s ,‘ hue -c it — c c  e-’ei mt mah tz mg nme’rhmmituisnu mi t se—ral is -c- I , sc -a c ulls i mm i t m u l —
‘- i mcrc ’ i l u s e r  hiunee n mumuc hh us , )rel, Ill human waste , salted fmecudste - iff s . suele - u hele - e - ’ ucnta rn—
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c - i c , !  i S 1 u , ’  e , c c m c ’ c ) , - c c c  m I c — u c c u c . — , u m m , c c -  ‘ I c  I~c - n , , , u c k —

? t he - u t  I cc l c l r - c , u -  d c i — c , ,  , , , c ,c i , - ‘ ‘n-i I ~ c m ,  Ic
( c e - c —~ c - c m , ’ — i . s , - ( u - , (  c c c ,  I c c , mn ss ,mlu’r u -m m - ,  u I u, d I m u ‘ I tmc _ -~~I cul I c  ( c c ,  k~-~l:tlc, \c , - I , e - ’  ac - c u t  c - n ’,~ I I I V,— 12 1) c 2 ( I l - _ — 2T , Ic,  ( c m u , - k c - c l  c u c  I c c c - , n i i ( c —
ill,, c-l td . ( u ,c , f u ’  m m m c m , , , — h eal ‘ l2lIc I c c , ) , , , )
a l t . lien \~ , u— ( c  ma ,c i , - m — I :i (IH~— ‘)‘J - (‘III- —2 ( d c  I - n - c c  I,,- ,)
l i e - h  t c i u - l m ( , , c c c u ’  0cc - lu-mm , ’  , Ile t — I:) lce - c—l 2 u ,2 ISI — 2 d I c  d ,,c , - j s u - c I  muu Ci m m m cc ci l hm — _
mcc l  lIs t c c ’ , - ,m c l , , , c i c ( ’ 1 119 c l i NIc t n , u ,-( , c - c ) .  I s c - , ,c

~c c( ( :c c uuu le - ’ c , —a nu ’  + ( l u,c , ((2 I I 111— ltlm )I I c c - L c d d ( c , , c m c - ,i hcc c ’ scc  t ic ,m m ’ .
lIed ( , c c hi c m~~asan u ’c -s 2()() je j _ c c m , ( 1  c c u mmhe ’ r I~ lu c ( l 1 2 c  1 : - u -k , - , )  m um 3 m a cc l i n t , — ,
lIl l t t m mm,- ku n- l ,  c- cu , , h u g  ss ,un u’ r i15 c 2 7 5 c  ( n , u , - kc - , 1 .

~i Ic ,  ; rm miuuu lar \mu (, l lu u’ immg c ! r ic ’ ul I tS  c2 7~ c t rmm c - ku’,l j im cc cucc um mim — .
ac - c m ~‘ umtm m miu u su t l tc l i ’  - .— P)l.)( ll c(c m um e: l lc , u i l ic , ’,n e-:rau - ku ’ , i  m u , 1

31(e Ifs I’’” l, l cuc - ime ’  f c le ’ a c -f, ‘mmu)I in , is mu t rc ’  2 ’  81)1 e ~ ,,

~lb t 5 c ’ mc ’ r gm -rm ,u,~u,u’c lmc ’ c , m ” ? C ,m m ,- k , - c )  -
h Im I. .1 I cc I c c c n c , , c c ,  ,— , c m m 1 m c~ ,e lmu ’ e lc  c t , umm I I n _ u , ),, ,) Ic, 3 — 4  m c c c i

i t l m e - u i ’ n- in thu—rnial iuusulal ’t ce n. 1-IC! and e-sth er c’ hlccr ide— are- sh umu c -c um in figure- 4. sc ht iclu c — take - -ut tnu m u m i r e - t u - c c ’ m c u - u -
c ’ uuli ta iiujrm g ‘ca utanm j mi amsl s , Iubr ic ’amut - s . se-ai amm ls , de— [ÔJ ,
e m  umut t cu csl t im me - u pme ed t me - ’ t s uuf pmiiyvi ny l citlc -unide- I PVC ~\t  ze mme muickel (‘ mem stemd h lane- i c-c- il hi e’e- rtaj uu cut hte -’ r u -u c ut—
e ’ m u m u upmcmue i t t s in fine’s—the li-st is endless, ‘[l ie-— cm u mdc e m i— dit iccuis u l isc ’usse - ’ u i hee - hee w filet ) Ihe’ ‘- hi ’ , ’ !— a Im ’  le’ l’rihj e ’
t rue- him m u  i d  e- ’ Iml e mri uic - ions cci  Israe-’ l ical m u  tem u rt a t me - ’ e— hum amid luas-e- luigim re-si-st mmcc hum c ’hilo rj e- ic— e ’ m-ae ’ ki mcg , \\ tilt
St C eletmends upeun the- (‘cunditiesn of the- other factmcrs i!me-’reasing umic’ke- l cccn le-nt. imlal’t immg a— Imuc s me - — (1.1 ice- n-
listed ahscu ve-~, The- level ~mf c-c cute - c - n: t mumue - Ice- a ic’s’, c ent \ I ( m u  h tm l magne-sie-smum c hild cu’ iulc ’ — u uh ut im c ue - c. I — t a i n t —
t htu it us m mnd ppmum (pant s iee-r nij il immut ) uc i u~ c-’ t imm ipc mnent with Ic’s-s s t e e l s  h ee—e -’ eum c— mapidls- u u m ,urc ’ ~iu s u -e ’ i chi h uI c ’  tuc “'( i -

icusc l’uc ler icatj eun sIne -c - c—en- , made mef a ste-el wi t hm highs rc’ achiutg a maxin miummu vulmieraimi l its at me - hum mu i l  8-.- 12
nes in’utanu e-. with luew mex v g c ms , mie-ar rdcc unm te-nspc’ratume-. at lse - ne- ’c msl uuie ’ke- I . the - raumge- wht ichu j m s c ll m ml r ’ — the - 111c c-I
thue - Ire-ely e ’ um n m ed iit g pc-utetitial, in at; alkaline e lt s -j mm ule - — c - ’ mu i i tm iumumuls ti me-cl aum n ’ ute - u i i h i e -’  I c - l c d ’ - ’ , \\ thu -I ill hui i , mlmc ’ m
cut e- rut. 1cm c’ce mit ras t , time le’ ,e--! c f  corm( ’e rim urmay be less th~ ru :ui -ku’ l -uenle’:uts time - c c ’ s m — t m u m m e - c ’  t i c  e- - rae ’ k i m ug its Imma g—
I ppe-mi m ml’ u imlm critic- imm not mtdc lure-s iusvcclvi isg cmcle - l scm irked nm’si U mum c h I c  umide ’ id e ’ re ’ musc ’ s tn mit il at alec ce - i l  12 lce - rc ’ e ’ u mt

e’mm ntluudmment . muf a susce— ptib le ste-el (stuch mdc m Ic - l ie - ’  304 ) mu m’ hti g lm m m tIme a hl cu no aplue- me- r 1 cm hum ’ inuuuu u m uuc ’  t i c  e - - nme - c ’ k im sg
sa ith a fe- sc ppm uufucx ygem s al high tenupemature e-.g.. 25() in t h i s  tes t ,  ‘flue-re-’ j c ’ u n- c e-au’ er i e - I c - m um - c l’cu r mm “im nm j lar

4~Ø Cj ’ ) ~ the- near umeutral rautge. mit - sue at tIme- freely hse - hav iecr in cm t i de - r  e ’ lu l mumi ul e ’  te n- I e - m ms j n mut ue u mci s t - s , In s —
c ’ eu mnusding Ismctc -— nlia l. The muimure ctcnce-ntrate -d the- creasing c~i Iie - ’ ummu i— bt- iue— f ’ic ’ial umu muta g ume - - si umtm u- I t l mmri e - le - ’
c’ h ulu ‘ride, the- nuore pni ubable- SCC Isecuemes, [heme-fecre but mm d ml iii n-c meliuu nm c ’ hu h un c le ’ — u !  d m1 i m e u c  - “c i t  mu mgen i
tune designs to avee ld concentrating mmuechanisrns , such detrj nmemmta l, ac me - I t iuc IIig Iu mu itre -ugt ’ mi e - ’ u m lu t e ’ d t t s  m i—c ’ , !  itt

as w et t ing anti drying cycles. smu me grad e’s t i c  re-due -c t i le - mmm ’ e — e l Imur t uie -’ ke ’ l  t c m- m ’ ul e - u i l c d
‘I’lte h I F c ’S,s c ’.a recmp uci isi lule ’ ! m , r  (‘ ld !muric lu cracking iii prcud uce- the - ae - is tem m i h ie ’  e - ’ r s s ta l  I m e - I t m u - c ’ I  c -m im i — u ’  thee ’  —tee - I

- u e ’ r s i c -e -  are a ltms u uc ’ ut a lus -as - c” t i uc is e ’  c ’ ae- ii ’ue-ci hey fabric’a— )e .g._ typ e- 205) tmc hem— e- lu itm ’ s m u — u c ’ ; e t  mImI c , h~h m m u s t c I u m u r t u ’ m
t ieun, lit—up. cc-elc l im mg, cur cl ih’fe - me ’mut ia-! ic e - at imtg rather is detr inue-lutal , Se-t is i t izat i ucl i  t enc m nmm meh c - s  j u i l t i umg c r
t luamu e it h er chm ’ - s i g u m sm l n m ’ c - s u ’ c’. cu r sIne — - c ’- ” mie um ’ t i c  lie-at grains h)umundarv grucce s ing. I mmut i m mci  us Ic i c ’hu u’ — t a h m l i n - i m
t re-a lnmem it , ‘l Ic e ’ — t n —n — u c ’ spmc ius ih m le -  1cm Ite ’ c - m u ’ c ’ k i i u g iuu lice-al acidits ansul calm a c t  me -- s — h i t n m i l l i  1 mm i lni l i a lu’ ~“( 
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il ge- urc 3 c-a ils pr m mtua l c ls c - a n c su ’ e l  bc- isenditug du d’ t o  lIme- There-feure- ic uw e - ’ ar leu u n m graule’nm m g,, 3041j mum mu
sl ut u i e mert  ‘~h I u u c ’  scI uj e ’ i t  w a s  pnmul sue - he l y i rn nu uuh ej l iz e e - l  ic~- st abilized grade— e. g.. Is t e -  317i m — pre ’ lc ’ mrc ’ ci  II sc m - he - I —
Ic c ’ i iu g I c r c ’ s e ’ m m t c - c l  t t ’ uu nu c ’ui ie - l i img mr t i l t imug hm~- !uu m na e - ’ e - imig is le - e be d me uu e - . ‘c- s lIme - w m—Imh iu mg Pl um e —n - e u l i t m ’ mw i- sc ’ i—
—l mmg . St m u — — u - ’ -  c ’ s  ‘ c m lo w e r  hi m a ms 10 ksj 170 MNnn 2I earn certain h um ca use ’  st- , msj hiz m m h imucu ium h u m ’ hiu ’ m m t , c I ( c - c - I c - c I
c - a c m — c ’  e - ’ rae ’ k imsg iii a — ti c ’ ! has- itug auc t ulhi uu u atc— te - um s ile / u c I t e ’ , Its t Im e - am m s te - im i t i e ’  l ee ’ i n -  m um u m is he ui u ’ nu t u m mu m— m l e ’ t u i —
.mtrt ’ nugthu uc t  e-~ k-s i 631) \lNiuc ~~~. Tint’ ~Ine ’’ mn - m ’ n. w lmie - ’ hs nm e - ’ u mtai u n .  far mu - u t rai i sg rm e- m ue - ulac m ’ huimcr i u l m ’  m - nmm i-k imtg  m —
c -a nm u - a c m — u ’  e ’ rac ’ k immg ace ’ imu t ue - i l — c c  l i s a  that t ’ e - ’ i iccn e - ’ m ’ hun u ’ uue u c ’ e - — rmm e ’ e - h. If ’ se - i s— it  j z m mt i cm tm c u min  hue -’ ac - c uumlc ’ u l ,  k e - e - ~ c m n m ~
c - u cr uhr u m l  m l e ’ I m i u cn im l c ’  c ’ m ’a e - ’ k i uug I— lun ge- Is i ui mmc ’ e ’el ~ii ti lt’  11 mm ’ c - a u h um u t i  mc l i  t lue ’ Itig it s ic 1,’ m— ge ’ nd e ’ Im ul ls  t h n c u c i g he l T m ,

c ’ u m m u l m m c i  c u t  c c c i , ’  cud ’ nuumrc ’ mit l ime ’ u ut h im ’ r  ! ue - c ’ l um rs ,  \ I h e ’ n m n t d I . — ~id !~ m m m i i
1mm u - c c i i m u l m ’ na e - ’ t  m c t h u e ’ r  ‘.lnm ’ ’ muc ’~ Ics n— Iu m ut j ee ’ e — mdi u t g h n mm s u ’ i tmu l  Scu im m ni ma n i i iu mg liii’ — c m — c - c ’  i c t j i e u h i t i u ’ — c u t  t im , ’  m e m u S l u - , m m t I ,
i uc ’ e ’ i m ve ’ rs — i ie - ’e - -e’ ’ c —i cm ! , “ I m u i n c l u ’ — —  - s I u ’ c ’ ! — , m mli mute ’  ‘_ c , — c - c ’ p t c i m i c ’  t c c u ’ lc l u c n ic lc ’  u - r a c k —

Time ’ Tf ’ltit is- e’ .aIl,c(—(’/ )/ i / u i/ i / (e ’ .c ii) t h e ’  u uu a jmcu ’  me - i u s t c ’ u d i h l c -  mug m utc el t hu u ’ u’ m’ m c - m i t  m c I n e ’ l u t c ’ m m c h u u i m —  u l i i t c ’ i c ’ m m u u hum ’ —
—I , m ~nu ! , ’ —— — I c c ’ h —  II~e- ’ue’ h m c ’ m ’ iu m’ s ~m iuumut e ’u l  ili uc imu ’  —. t i u e i% j ut lc -c e’u’nu 11 mm ’ ’ ,-” m— l , d n c c m ’ i i )  11d m’ ic ’ uu ’ —I I m ’ — c — I , I c I i  m u u l m i  t i m e -
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‘I luc re mind ’ — l a i n m l e ’ -— — mull ’s — l e g,. ( :a t -j mu ’ nu le ’ r  2 ) ( Chm — 3c c c - c - c u r —  ii — u - m s  i c- c- te— iu i lcm ’ rat tmr e ’ s utp~t rum um c ’ hu 885 CF 11,.,
c - s h im- l u  has-u’ c ’s -e Tc i ums s m ’ r sc m ~ c - c ’ t m I c l c i ! i l ’ u c c  c ’ h u l e e n i u l c ’  ( .1, lime ’ m m l i c c ’ n  in. ~m g t mI m t  ( m u m — u -  u ’ umt !m m ’ i i t l c mu u m ’ u mt at
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c-c lu Ie - - Ic  un m ucke ’ — c e m m u , ’  mu! h Icm ’ nmm — cu im muh t l e - ’  d u n  e - c - c c c  mmc v  — t in me - i murm t ! mute - grits at i l c m , - k u u c ’ — s c ’ — m ’ \ c , ’ c ’ c l c m c ~
im n c ’ t u ’ nrm ’ u l  — m t l m ’ . t i t c m m u ’ — f c u n  mui m — . h c ’ m m i l i m -  -‘.t mu jmm l e ’ —— —h e - ’ e ’ i n -  ! , c c c t l  3 tmsnmm ( 1 8111 1151 ‘ c c l
a — t , mm m u— m - lu l um n ie - i e ’  ~ ( 1 i — u- ,u nmm - m ’ n iue ’ u i ,  I tme’ ~~- e lm — u n  , u u l m h i t im u u t  t u e  m i c m — l c - c m m ( i , ’ ami d tu ’ m ’ u i t j c ’  — I,m j mule ’ m —
s e ’ I m m t m i u u u ’ m c l _  i c u i c e ’  j mc c ’ I ume hm ’ , l  t i m e ’  m l i — , m m c - c ’ rs t Iu ~ml im u u u i h i m c g  — I c - u ’ ) — , hilcI’c ’ ar m’ ‘— I m u c u e l c ’ ’- — i c c ’ ! —  c sh mi e-’ Iu mI me ’ mu mctm ~ tti r,-
lh nc ’  c c i ’  ‘ m e - I  m m m c c l  c c c l c l u m ’ m  m u m t u t c ’ m ~t ’. him e ’ u t - ’ c I~ - c c  ) m uc’ c m ml i,’ ccl mmum s lu ’ m m j te ’  uuu mt l i c ’ m m m l e ’ . I hc ’ —c ’  , u u c ’  t ’u i l lm ’ ul ‘‘ul cu i m h c ’ a ,’’
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() e- c-ge,m cur atm c c ’sc c i i zc’n is au i mum h cumr h amdt !‘ac ’ tu m n iuu IV. Caust ic Cracking
u’ l m l mc n ic ic ’  c ’ rmu m’ki img icc uue - ’ uj tm ’mml .m uu l ( J t j umm ts . auuul mus a e - ’ mc um—
— c’m l cm c ’ td c e ’  it wil l  hi e’ — c ’ c ’  i t  t h a t  t ’ mct t t m cc l  mci ’ um \s gm ’ mm lu’~ e’l l ied m ae - m n- t ie’ suc l e - mt i m u im I’— ucu l i t mmum husd rucx ide ’ den p um ta — —
Is auu itm ip ccrtme - uu l mutt—a -seine - - j ut as- m u ic l i umg 5CC l id isre - - s— sitini hu ) - e i r c mxide — ucv , ’ r  a us’ iele mam u~ u’ muf c ’ muuue ’ e m ut u ’ a h imc u ms ,

m mmm jj e - c l sc -ate-n re ’ ae ’ tmcn ’- , It is s meiu uc ’w tm a t Iim’~um i s im i g 1cm !ruund mu u mu ’  t ue — ru e- lIt h u c 100 pc ’mc ’e -utt . c’amu c’atm n.e’ c’ rae ’ k imig
u umuh c ill tme - hc le 1 hit at c ru e - c ’ ki t mg umc - e - ’ mumrc ’ u i  u t  a se - ul l I tc ’ ccl ’ ‘- ‘ t m e n- m s , ’ u i n’ta imm l c ’ ss nmI c ’n’ l c -c ’ ithmuu t t ime ’ necjuirc ’ r uue m ut mc i ’
smu l t i h i c c i t , wh it- lu c’,- uce - mlcl hut ’ uc c le - ue ’ iumg. Oxvgm um in’. m u mut umxsge - ’ mm autm i . an— far as we k m mccsc , c-c i thumc u t t im , — re- l ie -mire ’ —
m u e ’ c - e ’ s — m e - l %  imm u- e-’ rae’kilug iii s l ig hct ls ac- id smul tml iu m iun- ~, muucmut mc! ’ amt v uclher e-’ h ue- us uic’al sp e cie - s .
—um c ’Iu mu— t h e’ t e le ’ a m ’ rme - t e e - l (  Ic uui l iu mg umuucgum c - s imum n m e - ’ h i l mu ni e lc ’  ()ite- c ’e- i r re- i mh m&’asc,n Im ur iuute ’ me ’—I j im c ’ a cms t ie - ’  c - racking
—.c u luh i umt u m’~ t e ’ l tn- ’ Ice - ’ l ’u cmsed imu hme - l ucu m’ ue tcm m’r s t c me - i ie-nc cmi ’ cc l stainless n - tee - ’ l s  lie-n- iuu lIme- lu use- for sucuiie -~imm e - ’ mc m de - e J
~—‘t :(: j ut nmta imu less n~teu’i , TIme se - mh litc — mu l t m h j mcmt mu l e - -m i — meac ’tucns f’ru umuu wiuic’Iu pmesuniaiul~ t u e  suc d ie mnu mruay lee’
t i m u t u e ’ e i  ahcmms e ’  muma s I t m u s e hut ’ e ’ uu ac id ic ’ , dm 1’ it tumay luave’ d rained cmli e~ ’ra si cm muc— , amid i! imtc ’ mcmp le - tc ’ Is . thue ’ne - us
i u e -ruutuhte - dl  l i c e - me - i ue-e ’ ie - l i l l c ’ mtt imunt iii u’ u cr rum sj m uu u iulls . ti me ’ puc n-si le ih ity m f re - s i de - l a l  ucc l ic mnu re-actimmg wi t h nmuci - s—

l’en ij te ’r ul i i re- i —  mmmc imm ipucrtam mt lact ucr j ut c ’hilccrie lc lure- te e ge ne- mate - h u e  e -’ atmst ie ’ . Of e - se ’ um ni umne ’ m m —
~-s( 3 : , Exc’e ’tut hun a fe-sc - chic’ imu ic’al e- u us - i ru uu umuu e - u ut s c i te - c l  mc -diat e- interest . where - lie-at I m’atuskr n- umfac ’ u’ — are j ul
e’mir l ic’ r, S(~(~ cml a tmste - ldj l ie - ’  s ta iut le -ss n~te e- ls ncelul mm m m u c ’ mmm s tae - ’ t  ss - it hs waler c ’cc id taimui f l g c-sc-mu small amcme - mu i t - s mc!
mu i ’ c ’d i r  e’ x c’ m ’ iut at c - Icc - ate - cl  teuud t se - rat c ure —s . a hseuve - a h scmuut ire-c e - - ae - ms t i c ’, t here i-s t h e  i,cc s i luj l i t s euf h i gh male ’s cci
6)) ( : ~ 1-10 ‘-F’ ) , \e -’ s -er t huc- -Ie-ss _ dune - rmm t un~t Ise pre t.came ci imme ’a l bciilimug in -mlagusa tit are-as , w ith re-su lt imig imu—
l uum tmgls amid usually unexp lained tmrprises in this c-re - a - se - imm c ’austicity. Sue- li e-’au ncti c n - c m lu t i cc m u nm , Isa -see - i
nc — g~m rci , ‘[h is i n-. h um’ measmu n f’umr iutc -I ue- liru g itt ta lcie I t h e  e i t he r  mmmi scceli uni cci d umc l me - si c me - um . e-aun ” e-’ e mauk itug ccl ’
c- a-se m u ! ty pe- 316 stct’ I hst’ imig (‘rac ked h y huypemc ’ Iu lue m ite atm ste - ui ih ic sta inle-s-s steels , Catmsti c e- ’mac ’kiuug has
iu le - ue - e ’ lt salt l ut ix ttmrm csse mit ially at ruc icnu temperature - . ise-eum a problem in due chue-nmica l amid tca i~e- r imuclu —

TIne-re -’ ap icea rs tue hee aim ( ‘lec tre) c ’he ’rnj( ’al  potent ial tr ies , amid smcdiu m freed fm umiuu immut u’xe-’ hange re - n - tn t - s  lua-s
ime - ic csa wh mje ’ Iu  chml umr ie le- c rac’kiuug duces mmmc l eeccur itt Ice-en blamed Ion cau’-t ic e-’ rae’ k im ig iii le ani general—
muum n- tc- um i lic st m ui n le ’ — s n- tem ’ lni . lum tIm e- re-se --ar e- lu literature- imug equipndent - Br contrast with the n- tmhcje e’ t uuf
t it i  pucte- lut i al i-s s uc l ide - t iu m uc ’s called t h e  cr i t ica l  Iccut e n— c’h lmem ide- cracking. c’a cm ”l i c - c’ma(’kj ng ucf a u u’ —Ie— u i itj e-
h a l  h r  c’n’ackimig. Ins emsv in ee mm n uem mts h aving scuff le- ic-nt staims iess steels iia re - ce - ise - -e l mcuilv lins ited — li me ls
m ’ cm i ue - I tm e - ’ t i v i t s . h ums pime - muc u memue - m um cart lee exp loited tc ) Studies hi, d ate inc l ie- utte that time—me is little dj f ’f c r—
t u n e - - se - n t  m- rac’k iuig ic y c ’ m u e - ip litsg a nuucre- auumcdmc Immater ial e - m ue - ’ e - m u the- -s tm sce isti ls i l i t ie-s eu i  tIde a ni uutm — a c mn ” t c m u t t i c -
smit h m m— c ’ar h mc cn n- tm - c - - I . a l um u mim t e - mnm , mer eve - mi lead, whu iclm steel ty pe-s s Itm e- Ij es , auuel that 304. 304L. 316. 3161,.
w u m e - u lc i  e - ’ a t u se  l ime - t emm t emut ia l  cef  t Ime- staiuiless steel tcc  347, ate-i 155 18—18—2 all crac k rap idly in ‘. c c l t m t i c e t m —
h e e - e ’ u m nse’ Im uwer  th an tIme critical crackimug pcctem s tia l ins mef 10 Ic c 50 percent ~\a OIi ate-i at te-mpu nattmres cu f
n imu nt s cur, ircun mmm e - r mts , ‘fhinm t e- ’ei uu-m iqcme is arc exam pie cuf l.50—.3’() °L (300—700 ‘Ft Carbenm content ancJ degree’
e- ’ ,tI i m ucci je - ’  Icrmu le - ctimdnu . msf sem us il iza hjeumu have uuc u effec t dun tIme - relative’ scm -sc’ep—

‘l’hue fa e - ’ tu c mc~ cuf lim e- al hsreakdown euf pass iu’ i t % mmcl tibility in t h mis le-nupematur e- ratige: at sm u m uue - ’wh uat lmcw e - r
local ac id i f icat ion are- imiterre lated. Ins the- prc’ e nm e - ’ e  tenu [se- mature - -u ~e rusj t izatju u n (‘an h ave- a Acume -us’hiat au l—
muf e- ’ h le um ie ie - imc ums h u e -  pass j s -e -  ce x ie - l e -  film cmi stai-tiless vc ’ rn c efft-e-’ l , Wh atever the- nuee’ Iuamsisni cuf caustic
— I re ’ ! te-tudn . 1dm break down, and icy hyclree lys ino. the e- ’ rac’kimug cc - f at istenitic staim mle s steel-s . it no ruumt t h e
e -’ hul umm ide . c ’ hmmum u m ic m m m s and sc ater cause- local gee - me -ma— -same as the caust ic -  em t mhini t t le - utme ii t  ucf carbiun -steel
t i uc ut muf husu lrmuc hloric a(’id. If this ac’id i sufflciemitly stt -h as in h cmi ler desupeml ie-ate -m tt mh e-s . iii which by—
e ’ u cm uc ’ e - n t ra ted ,  j t i ’ m difficult 1cm tide- steel Ic) re-— gre - mw a drucgeus gene-mated by cat mstic ( ‘ ucrr ec - sj c un cc-f the- stee - l

mmml l cme - s — u v m ’ 11m m , amid a ( ‘ mu m mdc si csn pit may fec - run , read s w ith canisides j im -side - time - ste-el Icc femr m
uc ftm ’ mu lIne’ t ire-curse -cr cut 5CC. l’hse liqce-id ne-ar thue - ti p euf mumet huane. w hs ie -’ im iii turmu prm me - le - t e - e ’ - inte ruma l cmac ’ ks ,
uu grow ing c rack remainus acid as lecng a-s tIme crae’k inc Se-c reference 19] fc m r a rec ent major slucly c-cf caus-
grccw ing. Ca tb tt edic ’ prc c te c t iucn lemucl s 1cm pneve - mut the- t ic ’  cracking ucf austenitic stainless ncte ~e-ls.
ue - e ’ ie l i h ie ’at j c u mu t rmcm ice - - ce - In ning in tIme flu-st place. and i-s
a l — c e  m’a pahc lc cuf rmetmtma l izitug the- ac id no cc l tmt iecn and
liue’nt — f i mmm ’ pc’mm itt ing me- passivatic du m. Thc de v el m c t s—
m e- n t cmf  l mue -’ a l  ac ’ id if ic ’atieumu teuce ls Ice be ismcc c nuuc le - d by a . Oxygen Cracking
‘— h ue — l I e-n su ie ’i u a— a cne ’s uc ’e ’  mum wet thuemnial insu laticu mm _
tIme i m~u~ ’ m i l u u l I t cu m c i  cc hich we - mu le - I be Isest avucideel in Time-re have - ’ hmee’n a lim muil e -’ c l uut m nmhs e- - r cuf ine-’ icIents muf
uh e - - - u i g t m , I ‘“‘al a c ic h i f ie - ’ umt iumn is al - s cm !‘avuere - -e l Ic’, che- It ers SCC irs s emmsi t j z e d type 304 sta in ml e -’ s-’ st eel in h i gh
, c mc ’ h i  mm — t h uu c se umider sanc-I mum ru-st de - p um si t nm . wimichu tem perate- i re ’  huigh tctnr it water whic’h at pre’se--nt ci’,
c - umtmt n i l uumtc ’  w huat  is c ’ um nu rmu um m t lv  te -m nmed a ‘‘ pume - m l t ice- ci’— itmut appear 1 mm fit t h te ~ Iatter lu fucr e i t he r  c’Itloride crack—
I c c - i  ‘‘ Ile i uc ’ e ’  r t t c ’ t i c - t t l m u m ~ -s e-’ le -aniuug aiud t cum s is uitj ng ing cur catistic ’ c ’ rackj mug. Sittc ’ t ’ t h i s  c’rac’kimig tentis Icc
-Ire t i —c ’ lum I t druu e - ’ r icu ’ c - , ,‘n- mc ml c ( ’ Ij ri i e - ’s pie-’ klirmg cml -stainless c e - c u r  j i m s~ — Ie—n m s iii c-ci mie -’ I m the - eu xsge mm e -’ ucd ut e nh mcf ti me
—t ee - i ’— u - mmmm — c ’ — i m n c - i luiu’nt gmaims ismue - u muelme - ry e ’ uc m mm mnc imc l d  water  i- s 0,2 t c t cm mm dun h i gher, it Imanc e- ’ ecme hum Ice kmumm s a ms
c-c- hue’l t t c ’ m c c l —  1 c m  c ue - - I  a-s mu c - re -v ie - u ’. amid i t uc c e ~ ipiete- mis cmxy gc ’ n S( ( , Therm ’ is a te -m mc le’u ue ’s fmcr this kind cuf
r e nt uc a me - !  c c l  cm m m !  (‘ an giv u ’  e ’ l c i c c nic im’ ue - e- id i f ic ’at icu n a h ead c ’ rac’k imm g 1c c - ucc’ e ’uur pnefu—me umlia lly iii type 304 c-c luj (’h is
stmm rt ,  - \ l kue - ! u m mm ’  ncuu s i u u g em! pic kle-t I c ’ umnmmpceuuent c ’ m i- s se nsit ize cl uumuu l in arm—a -s ecf iti ghu s t r ess . perliates c ’s,—
t l m c ’ n c ’ t , , m c ’  hue-l Ilt cm !. e’ m ’ m e iim ug s i t - i d .
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‘~c : d ’  u c ’ t c ’ i c ’ u c u u - ’. I 101 aitdl I 1 II h u m  ne - me - l i t  Ilm ajucr !~c utc c c  cru e - l ucs t r c -  , n- ( ( cm! am i — t , ’ t u i h ic -  — u, t i nu l m ’ —— “ I c ’ , ’ !

iu~e-~
tl1 t ’ uc  mc h I m , ’  iu hm l e ’ c l, c-s htuc’ Ii i -s m lun — u tu s ’ — e ’ dl t u m ’ thm u u us mmmut cu l t - se rv e - uI imu c ’ mm u lm l d le . he ’ I \  u l m s — tc ’ , m c c c .  tin’ d e ’ — t gm m
c us , muriel u c i e - — ra t j cmu u cci  -, t mu u rc lc ’ ’ -— n- t ee—I ~e-i~ee ’zhc ’at izmg mcd ,, ’— in

‘ — 
l e e s — u i  fe - c - c—I i u e - c c - ce ’ r  ic iauu ls lh ie r , ’ I um m c ’ a iunm t i c  me - v mm je i  11 mm ’

‘ I. P rot ect us e ~Iea~ur ccm I llustrati ng e’anryi,sg mu v c ’ r  ccl w a l c r  c ’ i cmu laiuu i t ug u ’ nI  i te m i ’ I i l m m mi el e ’  mum

Pr in ci ples d a mls t id ’  I rum md u t h u e ’ st e- me - mu m mire - i mim i t u l uc  tlui uu u~c u it —i

‘ 

butt — ane el ti le’ t c i u Iu i iue ’ , I”rm ’ c ’ m a u i — h i m -  c - a t m  c ’ muu — , ’ c ’ m ’ mm e ’ k uui g
(. /u c ’n uucu l j nelu ,c t r c  , ( )ne inu icu mrt a, mt i-uue-ancume- j n- t ic  I! (‘ a rry-euv c n c c c ’ d ’ m d t ’ — a ime- l if t hi m ’ h mu u i i c ’ r  cc atm — r m — muua j um —

~s’ u,j d r ’ uc m me j ihj ee-une Im w}mic ’}m c hloride t’am u he- le -ae ’ hm e -c I Iairle(I me- Ika li mm c he s tree ’ Fus u l mccx j u lu- , Bs u n - c  , ci’ t im e
I ne -m u I hemnmal inncemlat hun amici t he-mm bee’cun ue’ c ’ m u mu~’ emu— Cecui sen t ieenai plum ms tc luumt m ’ t re-at mu le - m I t 1cm mnmair u l au mu milk mu —

trated bc- dr’c imug mmmc - nmuelerlv ’ung humut sta inless ste-el humm u t y .  the hazard cc l c’aun-t c ’ c ’ rac ’ kin mg us um utmmi , m m a l,

pipe- . One- sc- as 1m m ac hieve- th is icc tuc use insulation h ess a(’yu~(lizmg 1cm la hccra lmcry te n- Is,

un chul cur ide. u am muclher inc t ec wa ler ls rc me uf the -c imu s ulatie m mu ~~~~-~~- -‘ has heu’~ e,bse- rs’eci itt the- rumm c ’ ie-ar r cmu c - c -  c-n iui —
thumumoug htls , Still am ucu t hem rmie-astmne is 1mm ccmat piping dustr _ where sta im ule- n~s ~t ,’u’ i is uu u’c l c’ s , l c ’ i m ’ - u s  ‘‘is ims
prior tue iuunculatj cug . Inh ibited acch e-stmu cc cur calc ium ce- ulutac i 

, 
w it lt  water  a’- use- Il a-s sit—ant, EigIut~ — m ’ igi ml

ncul ue ’ atu’ mut -s tm !at it un us rim uw available- as a substitute- f u r  sue - lu lam him res h ave lice-mi c - uc l l e - e - ’ te -c l me-,ud anua lsze-e i iuu
c ’ hlemr ide—cc,ntamj utated insulatimcn amid e- ithe - r prec— re- lem’enuc’e [13]. Re-sic le - ia l ‘mIre-- n-— u’ s im’ mcuum fahmncat iem , u .
smelt- s another sat inufac tec - ry way tec avoid the 5CC and s e u ucc mtu z ahmem t m cI e-i rimmg — t u e - s i ’. re-- lie-f’ anne-ale-mg cc i

problem dun the- insulated side of stainless ste-el carh iecmm steel ccun upicnent-s . am-c recmmrrinug th ue - num’ — j ut

equipment, thus ac c’on mn mt . Time f l ummr j mua tc d arid/i cr c - h i mc n iumate - c l
One see-ks to avoid cesnd itj ons in whic’ii leaks ccl hvdrtucamluons ti-see- i fu mr Iulcrj c ’ants , gaskets . auuci

even 1ow c’hle-c-ride water can drip men hm c- t stainless leak-checking gue-se-- s are rallier stable- at rcj ucm hem-

steel and ccce- icentrate chlorides by eva pesratioum . pematume , ImUl at the- te--nupe- ratumec - mci ic - re-s-s unizemi
(Sue-h concentrat ie-cn may aisec occur at a wale- rhine- .) waler me adtc m rs l l c - ’~ B s I  amid iccui l ing waler read e rs

A further measure is to avoid insulating the - beuttonu BWR s llhey tend tcud t -cmu n mp ii se -’ 1cm liberate- f luecridec- .
several inches of a ‘ctc crage tank , which is tIme zone- and chlisrmde-- s te e which a rc- a t ( r i} ; uled a sig;mificanl
where leached chlor ides wcc uld accunmulate amid nunmhc-r of failures, Le-ae’Iualele c’hulutr ide- in as lse -stu us
witere the- insulation would prewide a “p uult ice-” el- gask e-tm ,mg Imas he-en a u’ amu s e umf e’rae-’ k imug euf ausle--ni lic’
fe-ct . permitting the conce-nt rat iccmt of damaging staunle~~ steel.
“ m lee - ( ’j t ’ s , In lie-at excimangers be -s ure lime- de’sigmu ~s The ~neiuci Imu nt c- tmcu kcmms c’leanlinse-nc i’m in fab n ic ’atj m ut
such that there i~c proper circulatie-en cml (‘cue - cl ing waler ane-I nc-aimitenan ce . as’cc idanu’e mci semus it izatiucus . care- 1 mm

and that the-re are no zccnc-s cc-f stagnat ion or air minintuze fa I) mu e - atuc e u t stre ’ - s s.  and care- 1cm ac - umi d c-ne-c - -

pockets , Sec that temperatures remain as le-iw as pos- m c d ’ s  ~nd c ut he - ’ n me-arm-s h~ c-c hic’ it eit lmer e ’ a u—t i e ’  m e n

sible and there i-s nem opportunity fm)r chlesric les Icc ~hlcurides ~‘aum conceuthrat e-- (as Icy we-h-amid-dry c ’ s u - ic ’ — ,

cm)ncentrale by splashing. Aneuther measure- m- s I c c r ,exam pldl, hdve gone a lccng way in nec ltmc imsg thu e -
avo id desi gns wilEd crevices where puusncible. Iii a ummcideimce uuf 5(,C failures in time pass c-n i,u e - Im u— t rs ,
vert ical heat exchanger. coating the water side- e-uf the Maintaining lcuw chlmuride levels imu numc’ iean pmuwm ’ r

- - ‘ top tube sectj cc n icy ec-xyaeety lene spray ing (uf a lead plants (e.g., 50 parIs per billie - m u nuaxi hmse-mn i chultunide- .
alloy (2 percent t in, 2 percent atstim ouuy( physically less than 0.3 parts per mihlimun emxyg e uu iii BW H’ — anti
protects the warmest (nicest vuInemable~ ends cc-f the- r much lower in PWR s i lmav e- he-en impuertanh umpera-
tubes and elect rmc-chemic’a llv prmute- ct s (by (‘athcc -dj e- ’ tuonal measure s mrs cec n t re h ) im mg lIme SCC proNe-ni,
protecticmru) the bare-- stainless steel for as hang a dis- Overpresse-mnng PWI 5 w ith hydrucge-uu is believed
ta nce as the (‘c inciudtiv itv muf the’ (‘ucu)Iing waler af- important mn mmnmm mzung 5CC in tim e e- [c- ic-we - n platus
fcurds , In caustic sm il u it i mum u— cuc-ntanmin ated with by keeping the tmxygem i low.
c hloride, miuuor addit ionc’m cm i’ lead mi itrate (presumably Wat,er chemuslr’ in P~~’R’ - is specifIed ic s AE C
ty ing up the chic-c- ride as insoluble lead chlem ride)hav~ 

RDT Sta~ud~ rd Al—li: the c’ mcrr es~ emn d ing decc ume-nt
been repc rted Ee c perm it the sal,- use mcf e -’ ae - mst ic for fccr BWR no IS RDT A1—2.
cleaning sta inless steel w ithu c- ti t risk cci either Refinery app l icat ions.  lmc addit i ccmc 1c m the luazard
(‘hlecriej e icr c aust ic t racking. ‘~iucI mute - ’ final use’ mci f’t~~m hat chloride cracking and c-a u -sh e ’ c-rac k ing, lime-
lead: ccc-nsiderablm- cracking ccl flmung e--no has Ic-ce -n at- petrewhemical uusd ustr v has an additimunal t h reat in
t n’mhuted 1cm (‘hluuri Ic leached fncum a n - he - ’ mtmm — gaske-’l’-: the - form cc -f pcc -Iyth imc -nic ac’id cracking, whi -hu can
an emuls icun ala Iu~ t ut cu ll and lithargu- ~e- tc icIle -c i fcc tim e uc-ccur after shut dci’ ,cn t f  equipment due Icc - the fcc - n-
gasket -surfaces has t c n ’ c ’ m u repccrtec l u-f fe ’ c ’ t mv u ’ iru pr- — manic-mi c-sf this e’esu npIc- x ic e-id by c le-de-c- mpc usit iohu md
venting — ut e ’ h c’rac’k ing.2 tLargeiy ‘.lmruifltdnii,d’il from —t ilfide - ’s dun metal walls iuu the presence cc - f mexyge n atud
ref. [121? water. Th us fuerm mci e-’ rack itug cuc ’ct mrs e-cn ls’ in — c -nc-

s it ized steels , such as nmay ice f (c tmuuc j in iueai-affem-te’d

- 
Zcc f ld - - s  ed welds and in canuponeulls w huje ’hu have- du pe-n—

ha 
d

u c
’
~ ~~ I ~~~ 

u’cl 

~~ 

u cc iut u 
c c  ~ n

~ ated u n the - sensuIm/u ng u’ange”—alc-ec-ve 12 -s ( 03(X) ‘F
c. ’um ,ucc ’ r,.c, c r,cu-k ,ce ~ 

Dulfe’rent steels have e-l iflerenl degree-s mc i n - m mn - e -’ e pti hm i h-
e;a,me, ,,n: \ ‘cc , ccc c-ica u,fr, R ch .c (u’a,t cn ( c e - h  u’cc cic ~ rccuc,, ’~~ ,n~ ’ -c ’ eu’ccu ’ , ,c,, - u,,’,- m l y Ii) thj s fuu mnu mci c’rackit ig. sc-hjchu cami be ass u-ss ed

u-r~~ku~~ c c -~~~ufl ~~~~~~~ Ctt ,u c- C by an AS’I’M re-commended prac’t iee 1G35—731,
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Tite- [c-referre (l w as hu m avmi id peck I h ij mc - rui c ’ acid crac ’k—
ilig is 1cm t i— m cc - tuI~ e - mmuse - mu sitizeel ste -e l, But es e - m u mmli , ~ ~ 

_
a~ ‘ - ‘ cc —u imihu j l lc - umi m’ - ’ez m- ,itu,e-e- l Ice-I “cui e- Em a-, e- mns e um ” ,itmzee l I vpe 

,,,~ , ~ ,,, ~ . ~ ~~
304 mum e -c bee eunte - ‘— te - -’ e- ptulslc t ic ~meul y thuiu c t i mc - a mcI u 

~V,m( ~~~ ~ ~ ~ 
~C ~~~ _~

‘ 
t rack ing alit- n prmchc-ngt-d servic e- a i c - m uct- abucut -125 ‘C ‘ - ‘

~
‘ ‘; - ‘ ‘ - - ~~~~ ,~ cc ~ ~, ~~ - c’~-

t800 F) F or sue- lu ser cm e- mull stah c mi izee l Ic - - pc 321 c c - n 
— 

T” .,~~~ ~
‘

347 is preferred, c ,c .-
‘ ‘

~~ ‘ -~~ ‘ , 
- - — ~~~~~ ~~~ \e- 

- 
-

W hen c--e ldii prmme- imt ccmta ining w elded c r  otherwise - ‘ 
,
~~ 

,
~~ ~~~

-, -
~~ - ‘

~ens itj zed st -eI amid iii c-c lu e-h polyihicc rm ic acid can -‘ ‘ 
- “ 

- - ç~ ’ ~~ 
,

fe-cnn is shut dccwm u . t he - re  are a uiumhe-r ccl’ ava ilable - 
- - - 

- 
- - ,c 

~ ~~~~ ~~

lact ic - s wiuichi (‘an be e-ised, de- peuuding upon condi- — 
c- - ‘  

- 
~ c - -  . ‘ 

-tie- ins, t im alkahze-. deny tuxygen or avcu id a liquid - c- - , 
- 

-
‘ 
, 

- 

- 
- - 

- - 
- 

‘

phase. TIme-se tact ic’s are collected i,m ~eACE Re-c - 
-~~ ~

‘
~ ‘ c , ~~ 

- 
- ,> 

‘u

uct iumu iemude d Pract ice RP—0l—70 (Protection cc - f Aus- - - 
“ 

- c ~~~~~~~~
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‘

te nmut uc “s t amm u Im-~s “steel in Re-fineries against ‘ICC by ~~

‘ u

tm - s c of Neutral izimug Solutions During Shutdccwn . ‘  
- ,‘m — — -. .

~
- 

- 

- 
,~~~, J cc 

- ,,. - ‘c-i
If equipment in c not tmj be empened , once the- equip , - I - ‘ ,,~ ~~

‘ ‘
~~

‘ ; ‘ , 4I~~
me-nt i— depressurized but before metal surfates . ,, ~~~~

. 

- 
*m

have reached the dew point. t should be purged with 1 ~‘
- 

‘

~~~
‘ c - - - - ~ ~? 

- 
‘

aut j ust- rh gas e- ’ec nta ining a minimum uuf 5000 ppnu of ‘ - - 
‘ .~ .7 /

ammoimia. after tak ing care titat any brass be iso ~~~~~~~~~~~ ‘ 
7  - -

lated. This alkalizing and exclusiouu cc -f air prevents e -  
‘ 

‘ - 
- ‘ ‘

~~‘ - -pusl ythionic acid cracking, If the equipment is . 
- - f .  

- ~~~~,c -

opened, the nc-ash e- ffedlj ve- way to neutralize is tic  - 
; ~~~~~ - :‘~? ~ -

wash all sta inless ste - el surfaces with a 1.5—2 per- ‘
~ -‘ c’ - - .r. ”. - ‘ 

~~

‘ 
.

cent um lu tj cc- n of soda ash (sod ium carbtcnate( in cc- a-
te- n: thue additiccum of 0.5 pence-lit sodiunt (titrate is
recommended to reduce the probability cc - f chimeride F’uc. t ccc 5. Chloride ,SCC, men tee’ j e j j lutc ’ u,u 4!”e! e-m mj e cc ~ c tc c c , c / , c c

crack ing. The- Recuumnuc’uided Practice- nuay be ce-un- nte ’e/ chou -mng typical  bra ,mchc,ug cc-u- oat s c - I c c - a c  ~a \  Plc” ‘ c c  -‘c

-suited feur many practical amid detailed sUgge-stie)ns. c c-nc . V, c,,’ ,tc,,Ici \ c ~ cu cai Hc c c ,- s

A review of re-finer-c- expe m-iermce in SCC is given in
re-fere - ne--cic [ 14] and 115].

VJI . Identify ing SCC - -

Chlucnide crackimug cc -f auj stenit ic stainless -she -el is S
typ ically transgranular and extensivel y branched
except in semisitized steel iru which it can be (huh is
not a lway n’ m ( intergranuiar. (figs. 5 and 6) Chloride /c’racking cc-f ferr itie - ’ stainless -steel is almost always -
intergranulam in service failures and in labecratory
spec imen-s in heut sucdium chlucrj de s u mlutiemm u s , but -

,

tmansgran ulam case -s have be-en seen in laboratery
spec imens cracked in magnesium chloride solutions, ‘7’

The crack path in aushenitic steels iii caus tic solu-
t imuns may vary with tIme concentration of solution. 

- —
One stud y (re-f. [8]i indicated branching intergrauuu- - - 

- 
, /lar crack ing at lesw concentrations and hmanching

transgranular crack ing at high concentrat iucns. The
peclyth itu-mic acid cracking c c -f (sensitized) austenitic Fcc , m~ c- 6. High magnification (900tl pho (cumirrog raj eh cf t ra it ,’-
sta inless steel j no invariably intergranulam. The cc-ce-a- gronular SCC produced ma the Ie-zlcorator i , sn ”t m c cc ’ 11 c m ~c ccn l c - ” , c , ’

sicunal crackirug cc - f highl y shressed se nsitized type 304 c ,,ccrn- -u ,,t Iic j .  L,r cc mu c ’r , \cc nu, cc uccl Hc ,r ,-cc cu cc c n ’ca nc tcc ccl- .

stainless steels in BW R’ s ececur ning in water cx-
tremelv lecw ins clulcumic l e iuut cmcuutainin g a ic-ecut 0.2 ppm , 

‘ -
cc x%gen cur meure is j mu v a n ial c lv intemgranular. wh ich acc ’mcunhs fcur nuany ec - Im servat icens us Ie-uumte -d th e-

- 51 up dmssech u t  Icc-n nu udel and pudt ures the - e hi p cm l Ibm’
advancing crack rema ining e-’henuica lic- ac ’ hi vc ’  taume l

VIII. Theory dissolving drue he- c the ctcu mt im itma l arrival uuf fre-slm ncs c ’ t ah
stm nface hey creep (plastic ’ f l uuw c , Tim e-- nuuc-dc- l i el i —-

Ne - c ~5 she- rn lime-s received mucre theoretical study c- c ussed in detail imu referm-utc ’e’ [161 A rge - m uume- iul I c :u c - c ’
than the austenit ic ’ stainless stcehIch lcc-ride- system. Ic-ecu Ic c- it fcc -rwar ml that hycl rmc-gc - uu ic-Ia~ — a r ’ au m — m ul i s e ’
Man s t he- ’curj es have been prcc pccsecl . hut ncuiue has  rude. I hue - s e-’ murge - u tmue-muts mi re se - in utmum u niz e ’ m l lit re- l ’e ’ nc ’ m ue ’ e ’
“ucceeded mum fc eit ug gene’rally acce pted. One’ theucr ’c lid
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I h im— uurs cu t I Itt ’ mu l t ue - n e ’m-ac ’kiut g I cm uc c ’ d ’ s n ’ c ’ - s  i~t 3) ‘l’ Iuc’cuv . t . -  J , am uc i ( c i — , J , R, , ( , , c u r c c s c c u c u  i u r m c tulc— nm - . mum c’umc rg’.

‘-I ~m h u e ’ —. — — Ic “c ‘I — i — m c  e ’ n u fe - ce - crc t ic ‘oem pletc’I c- de-— c ’m m mtvc’ rv mcu m m amc ct g~ cm’rit i mu cc c , c( u- c ute - 5’ l’ecl nc m c n . Jr. . Em I, c.
Lice-ui cu - hmeunt cc - me - I ‘cu cu t u ’ I , i~rt:uu c mc c c c , c-ce ’S Je’nci— e - 19,4 ,

s m . mcm i u e- c m , 
~ 

384
41 lIce-er, J ’ J,. er ic - a cm ’  c - c c c c c c c t c t u c t u ’ mI c d t  1 mm t Ime ’ ci um hu m ur . 1975.

IX, Sumn iarv I51 E-BHI’I’E 26— I . 5 ’ e - u - c c t c c t  j ’c ’ mto mm i ua icc ’e I-Ic-hut,, c~~m mc - em icc’ r
1973, PulutisItm”mt lieu AIR(,() ~ c m e --uunm Mm-cai n’. Outue’r m-u - mu u m pc-

~~ ~ me - h e - mmuce - u u I elmd luc mat c-tie is namely me- pruulc le-nm w itlu lamo cru c- mmf “CC tai i uur e— ’. umu c.uaunm lu’c’ e. . ‘ mc ’ c’ I— are— giv e-m u in

- ‘ - - ‘ ‘ ‘ - 
‘ , ‘t,5’ f,,ict, 5c i t  2(c4 c 1960( ammc l in icatue r to ~i - ‘cYc - i,ogunmmw

ae - i— t c umut u c autch ft m rite- -stammules ’.. -ste -c I”- e-’ c- eph uuu the- u-u ,ai %Iatc- rual Fri1 rnuanmu e ~c u I Il “m je 35 cM a~
lie-I mm cu’ le -c ’ui t ic ’al imt cl tu not ry , I’m mm’ w ltic’h elm taile-d pmaeti(’al lcc - 72 c-
u’ m mic lauuc ’ m ’ In’ m e - c - ai lmuht he-- imm tIme t’cum nu ccl’ aim NA CE  Re- c— 6) Dm—umtmurmI . E,. Cmmr rcu n ’ i m eum . ~

‘ cmi,  16. ‘cc- c c , 7, p 131 c1960 c-
cc uui mmuc uuc lec l Pi-aci ic ’ m- . (W au ’uu imug: High strength stain— ~~~ 

Dilluun .(- , F. Maic-ruals Pt’rfumrm autc-e . %‘ umI . 14. ~ m c , 8. it ’ 3cs

c-I c’c’l’s c alm be lightly sus e-e lut dc-Ic ho e- mac ’ki me -g at 181 Se- rt ’ ie- Ime’ r. Mie - ’ Imac —l A ,. Stres s c’ mc rrum s iuc - n mcf fc ’ r r i n  m c- — uu ’c ’ I— ,
rmm c crmu tercu[cc --r atu re . See-- e lm,  Ic- ,) Pajuer \cc 68, Cuur rm cs jm cuu /75, ‘c-ACE. Hu ,us i ce c c , ‘t ’ u’ va n.

‘l’ime td u um ’ -t — e ’ u i c c l m n .  5C(~ problemsu w ith auste miitic 9! W i ls cmn. I, I . .  t m enmteus u . F’ , W .  a u-cd As pden. B, (, , ,  (, ccr c c c — t c u  cc,

sta imuless stem -I is c ’ atm sc— d by chlorides. A hthcut mg hi it - - ~ c ml, 30. \cc - 4. ~m 139 1 1971c , 
, - -

- - ‘ ‘ 
-
‘ , Ito ] ( ,larke . ~ - L, amud (,mmrd mcmt , t,, M., (_ umrrmm c mmcn , ~ um l, 29. ~‘c - um , I.

I — I t  i le - -me - s uimlc 1 m m tmmta hly c lue - ru e -tate dhhee rudc--s, nut -tu e- u— 
~c- 1 (1973c,

Im m ui n . m ane’ I cc  umu iusi ucsi ze - their iiutnumductim mn is buuth effec— [Ill (;muwauu. K, L. and Gordumn. C. \t ,. Sire-sc c ’murrme v umen cracking

live- amuc i m’sse,utia l, Avmsiding thue-mnua l insulatie-mic- auud and Iuy drmcge n enthriutle mmuent of mu- men lease aIlu~)n’

oaske’t iuug mitaterial h igh in c hlorides . avc s iding elas- U. Hmmt’ Iurnann and R. ~~‘ , ~ maeh1e. Eds ,c,~~ ae -u mm na i An ’vum m ’m a -
mumu e c cmi (_ cmr rmc s cmun Enguneers. Housion . I c-sac , un prc-sn ’,

I mice - c  n cea lae-ut”c lubnm at u h— amud echhem nuateruals (Oh 1121 van Drcmff et ,uar H Rappcmrt tee - hm mmcj ue 172 LI-HF 1 ( OR
Imum nimn m g Iuahmuge -mus , ac-a iding sens ituzung , munumizung Brussels, Ja u tua m -y 1970,(
fa lcm ’ie ’ ati e - cms stress . imu particte- lar avoiding severe cold 113] Be-msh. S. H. and Dillmc:u. B. 1~.. Sirc-cc c - c c r r c c s t u u i c  e- ’ rac ’ kcng amid

cc umrk . auuci prac’t k-ing nueticulmcus cleauuhiness Ic-ac--c Iuydrcugen embritulenueni muf irmu n Ica cc c ’ ali c e ci. Hca’ Imnsa uin
- , , tue- md K. W, Slaehle , Edit ,). \auu uc na i A n ” . ccc - t a mcum n umf ( ,u m rrcu-

c ’ uc nu hni me -’ c l hmm permit exte-itsive- satm sfacte ry use cc-f s iucce Engineers . Huu ucc tuemm , Texas. in here-’~
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CHAPTER 8

NICKEL ALLOYS
Nick el amid the- allmuys treated iru this chapter have Alh umy 600. w h m ichs luas lc e c ’ nt i m u m - uc uu urm m rc’ial um— m ’ f e - c r

the fe-n e c’entered (‘UbiC crystal structure. W ith rare- about 40 ~ e-ars , has bee- - mu me - s e - c l  w ucr hul - w im lu’ h um uu uu m - lm ’ a n
ex(’eptimuns , stress ccurr osiuc-n c’ra(’ks in these’ mate - ri— ste -a n ns gc- uieratucr s , l’hu(- iuer lmmmnn d a mu c ’ c ’  ru - c - mu t e - I  l cmr  th um—
ills are imuhe-rgranular. often w ith extensive branch— alhu.uy hu e-s beers inu p re - s s ic - m ’. l ime - I 1 1 c m - l u ’  lu m meu c ’  l cc ’ c ’ I c  c- c m i m e ’

imdg , S(C sc ’ r c - ie ’e failures lIme mec ’ cc g m ui t i c e u u u t  c-c- h im - I t  m c i ~ u’r c -
l’hie- (‘ mu lled \umuuhc -eri uig system fmc -r this famil y c u t’ guidarue ’u- (‘men Icm- t te ’ r f’utte - ru- iuu’ul’mcr m m i umc c ’ c ’  , ( ) m u ls um tm c ’  c c l

nuate— rial— (‘t)flSistn-t cc -f time letter N fe-ulle-mwed by tIme these f’a ilumc s huas hc eem c - r e— lcccr te - c l  it u umui t ia te ’  I m mml t i e - u ’
c ’ u c - c tmcm s tar s five- muce- mbers, which usually include- thuc primary side. h u e - h u m .  i r us hanmc - c ’  it m - mu u u m u u mt  hi m’ c ’ ’ c c m ’ l u m m l m - c l
mue - mnt icers cuf trac h itimuna l desigmiat ions. Tic-us Allis 400 the -at the picklie-ug hlrma’ c ’s s cc hu ic -h u c-c me - ’~ me - i m i m h ie ’ m l  ~u c t huc ’
t\ lmurte lt -40() i-s elesigmuated N04400, Alloy 600 ms primary side dc - m mimug t h e-- fit ual — l a ~~c’s cc l  t a h c n t m - , c l u mu um .
N()6600, AlI mmy 800 is N08800, eu. The UNS designa— and tI me water c ’ h u u-n m m is l rs cl e - u r i , u~ th u c ’  , ‘ m m u l s  ulas — cc l
t i ccn s hac-’e nm mt c--el appeared imu the technical h itera— operaticun , lime- c- c iuu f le - mm-mu e - c ’ ml c u r a c ’ c ’ m ’ lc ’ ua l m - m ’ t h u  u - c c m l  cu-

lture . the--re-fore tide traditional designations are used simumu (me-f , 151).
here . The rema ining SCC se --u -vic e failures cm i  aIl s 6(X) i t t

steanu generate -cr-s have humi l iate -cl cul t  I hte- — c - c - c  m u mdau — mile
.. Chemical Industry usually near the- tube site-ct. ‘l’hm is - a re-g i cc u m c -c - imi c -hm

may have- I m uc ui r  e- ’ imc ’ u la hi eumu . e ’ uevmc - c ’ -.. — luilge- . ami d hm ighm
Pure nickel u used hu m c’cc-ntain he - ct caustic’ so lutiuumts res idual stresses , Theme- is c-c - ic l e - , u e - ’ u- t hm m e t  lIme’ s c m l u i t i m c u m

in the chemical industry, all the way up to pure fused w ithin the-- (‘re--vice-n. a s sume - hate - c l me ithu —mifli m ’ cc1 lIme-
c’aust ic. There have bee-n case-s of grain bcc-uuudary cracked tubes was stre -c- nglv (‘au-.hic ’ . ‘flue-’ frc- e- c ’aush ie - ’
crac’king when the caust ic was contaminated with conditicum u came - be avcci c - lm- d ic - c - I m s i uu ,

~ a cc mu tu ’ I I m c ’ m m h u m m c - m t l
merc ury. Abc -c-c - - c- about 315 °C (600 °F) there have- c-cf hydraziute - Ice ceumutruci cmxvgc mu . at n mmtmmm u im m 1cm c u  cmutrcm l
bee-n instauc-ces of cracking along preci pitated grain pH. and c a m e  hue avm c- id imuleakagc cuf rniute- rmuln. I m e c u m u  tht e-
buuundary graphite in nickel 200, hut this cracking condenser cooling water. This all-veelatile tn e atuume - uu l
can be avuc ided by using the low carbon nickel 201. has largely rep laced the phics~chaIe treat umm e mul f mmm m u t c - nl ~trcf . El ]) used in nuansv PWR steam ge-ne ratuu rs .

Cold drawn Alloy 400 ha-s been found cracked by Laboratory tests  ecf allecy 600 al hui ghu - Irm’ s-. a tmul
warm hydrofluosilic acid, mercury, and mercury temperatc ire Ic-ave e- le - rnm un ss trat e e- 1 c -rae- k ing itt Iti ghi
salts , (ref. [2]). Alloy 800 has been observed Ic-c - crack pcir it c - water as c -c - c 11 as iii th u e - - l c re ’ - .e - t tc -e -  cc l  u- ~u c m s t j c ’  mum
in polythionic acids, but cunly when sens itized. (ref. lead 

- 

c ’ uu ntpceune- l -c . Le--ae- l c - mcm u h ams u imta h im mms i mrm u m h mim - c - n.
[31) intergmanulam e’rae-’ kiu ig ims au m ntm- a lc c f uutaht ’ m- ia l lie - mt

Sensitization causes Hastelloy* C to be susce p- (surprisituglvl tm aums gma nuc - u lL mr e’racki isg m m  - c ’ n t —i l i , c ’ u l
- . tible to SCC in hot chloride solutions, including 10 maher ial. 

-

percent ferr ie chloride at temperatures as low as 50 Time natt ure euf thue - ucxi de l’ihuu u c c l  l Ime ’ me - I le u c - . wId e - l Im e - n
‘C (120 °F). Removal of the sens itizatie-c-n by a solu— prccduced in tIme nu ll cer I’u c r ! c u c - u h  huc - mc ’ m m m ’ l i c m u t  c-eu i lh i
lion anneal removes the susce ptibility. Hastelloy dissolved oxygen in se - re ice-- . uusme - c - hua vc ’  ais i m m u i c c u l  m e - n I h
C—4, having low carbon and containing the carbide effect m c mm crac’k iuug hehm m t c - icmr I c c -  ic-I cc -  im m g 11m m ’  m ’ l m
stabuluzer Iuhanuum , appears to be immune even when trochte-nu ical pe-chent ial i uu tmm a rare-cc ( a c - cmrmm h u hc ’  Ic cm 5”) ~

( -
-

given what would otherwise be a sensitizing anne-al. Over-pressurizing with Imye- l ru ge-um Ip r a e - ’ t ie - ’ c ’ e l  h ut
( ref. [4]). PW R’ s keeps mc - x y g m-nm lm-vt ’ I- c l m u c - c 

-

II. Power Industry Extended laborahecry It- sin. (22.000 It) 1m m une - ’cc uuh anul u-

ruated de-aerated water al 300 ~C 570 F c- slut cwt ’ cI ‘-h ighul
The high nickel alloys play a critical re)le as mate- intemgranular pe-nelratiucn huc u l m mm i m’ rac ’ ki m mg , re-f , 16 1)

rials fec- r ste am generating tubes in nuclear pecwer Test -s at higher tem t me- rat c- ire. 330 c-C (625 c-h. mute - Imu

plants and as mater ials fcc -n other componenls in buc-th 16,000 1 in unc me t mh a rn iu uat m- c l c-c- me- Icr Ic-ave led 1 m m h u e
nuclear and fossil fuel power plants. The corrccs imcn conelus’dcc -n th at cicc uu ic-ieklt- d all mey 600 having c’ m muuc-er-
performance ccf a g ive -mm steam generatcur depends ned d aIly important muuicrcecu c m istrue -’ t c mre ’s dc cc i’ ic cul  suffer
only cc - n the allccy used and the water  chemistry Ic-ut intergranular 5CC utmeler t h um use ’  c - cumu d i t i cur ts . ~mrcmc - ’ ich m umg
alsuc- ucn design Ipart icularly thermoimy draulic charac- the nuatenal m~ mu cu t e - \ ( e - s _ i c - e ’ i c -  — l rammse’ cI , mm-L I m l )
terist ic-s and the presence cur abuse-nec cc -f crevices) . -\ meta lle- mr g mc ’a l ne - ae - ’ tmumm m mit e - u t tk uc mm wi s  s igmiuf um ’ mt m i c ’ c ’
fabrication (imucluding cleanliness and nuagnil mmdc ccf ha s  he-en me~m m c rtt- e l iuu m ulhu i c - 61))) mc - — I c ’ a mcu g e ’ ulu ’ rmutc c m —  -

res idual stresses ) and ope- rahimun including m’s iec ’cia lls I uc ’ is , [‘I and lRb
the integrity e- cf the condenser,) ‘ TIm e- ex pc ’ r i m- n i m- u ’  c-c i thc ~( .(  : uuf a l l cus (c-UI) lid lI ce ’ i t U—

(‘he-ar I cmm euc - c -m - m m s c l u i— t u ’ c -  huas I m c c ’ uu e e c -  ic c - c - m c i  mum u’ e’ im’u’ —
I ,c , c ’ - - u ’ c - ’I’’.- ’ cc i , ’ nccc c, c u - n ’  ct , - d ,cuc,  r c , , , r c - r c ,m I’ lu li, , d c _ c , I ’ -  c c c l i ’ - ’ cnc u c ls ‘ 

-

cc ’ c ’’u,c ne ,’ecct adc .’ n ‘c cc c c c t . ’ e— , -  ,ec c’ce e iuu cc ’ - \a ccc ,cc , m c cc c - rc ’ a c c .4 n ’ c,cu cc t , , rc l .  cc~.r.t~.- . c e c c c c c c c  ence-s 191 lii I 1.3 I.
h_ cc h -  ccc , ucc - rc  cl ccl. ’ uc cccc ,’,u c’  ,c , -c ,- ..,.cc c lu ch,’ l- ,- ,n ,cc ,c iu~m,cr I ’ , cc - cc ’  c r c.’’..-
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APPENDIX

GLOSSARY OF TERMS *
n ’ * aI .lacl Ccc - nc - pmusite - site -ct ic rmme luc ’ed Iuy ic cm ue - e li m ig ** ere-_%~i(.~_ corrommion. ‘~ t \ pe cc - f ‘cccm icen t rat ic cu u— e ’ e ’ l I

e- itiuer (‘mu mrmus i uu n— re - utis ta udh alumimuuruu a hl cm eu - m u r ( ‘ecrrcc -si eun; c’c,rr(csie-nm mci mm metal t h a t  in- c ’ a c m—ed 1,5
alune- iu uc - e - ne - met ’ high [utmrity 1 mm base- metal mmf strum ’ — tId e’ e’uumc’e- ntratiucn cuf c lissc ,lve-d salt s , nmet al i m m u ts

tum rallv shruc -nge-m ahe-mn t int mmsu a llccy ’ , )l’Iie clae-lel imug cux vge - lu cur mu ti ue - r gases . amid se - m e - hi. imu c revi c e ’— icr
i-s usuahls- a itmue - lic tcc the base a li mm y, I p mc c ’ ke - t s me - n um mt e - fmmcnu the ~cr icuci pal fluid —l re anm.

** alIov ,
,
~ se- tic - stance - huav immg nie-halhi ’ prcupc-ulic’s with a resultamit building uIc- euf dif ’f ’e ’ rc -n mt ial c u—I l—

arid 1ue ing c’eu ni~cucse-d of Iw uc c r  nc-cc - re c’hue-nei c’al that ultiuuiate-l~ cause-’ dee-p piltiuug.
e- Ie-nuc’t its c u t wh uic ’ lu at least dune - is an e!eme-mtta l critical cracking potential. ‘Flue e--Iect rocfuemmu ie-mm l
mtietal. pumleust ial abcc -ve whtichu 5( ( ; mccc ’ urs hue - mt hme - lm m euc

*‘n ’ anion ~~ mmegat ic -’ e - lc - (‘hanged imum u , which i t  is ncct e - m I m se - - ’ rv c’ cl ,
** an ie-4otro pv ‘flue- chara cter istic -’ cut ’ exhibiting dif- * electrode potential. The- puc-te - nt ia l muf atm cIt-c-

fe- rent value-s umf a lmcup e- rts iii different dire-c-’- trade j im auu electro lyte as nc-e-as ureml again—I a
t i mc f ls  euc-’itit rt-spe(’t 1cm a fixed reference system in reference electrode-. The- electrm ude ~cc mI e uut ia l
the uuua te -nial. does nrch include and y resistance - l m c s s c ’ s t ie - J) im le’ ut-

* aulocle. TIme e-l m-c ’ Ircmcle muf atm electrolyt ic’ cell at ha l  in either tI me- so lutimen e)r exter umal circ uit, It
whieiu ecxi da t iemn is the- principal react iecn. (Elec- re-presents the- reversible mcc crk t ic mu, eu ’e a e - mi mih
t rm c ns flucw away frucm the aneude in the external charge frmcnm the e- lectrc c-de surfa ce- t hum icughe - th u c
circuit. it is us ua l l y  the electrode where- corro- scelution Icc time referemuce e- lect rmmde - , (In tIc - is c - c e ! -

siccn mccc - ’urs anti nc-etal items - s enter suulutic mn.) unie time - sigmi cuf the pcutent ial f culhmmwn- the- Puc e - m m ’ —
* * au~tcnhte ‘de- itc il ie] solu hiucn cci ’ ccu)e icr numu re d c —  baix Stecckhe ml m) c ’ e - c nvent i i mmu ,)

flue -cuts in f’ae ’e-c -’e- ntem’ee-I (‘utile ircuru . t]nuless ~~~~~~~ leMt. ,-~ e-’uppimmg test in wh c - ic - ’ Ie - a hciee ’e - cml

othe rwise mlesignate-d such as uuickel austenite) . she-u- h me-tal . mestra imued except at t lue c e - usher. in.
tIme smm lute - i-t ge-ne-rally assumed tee be c ’ arbmu mt , defeurmed by a c ’mcne- shc -aped sp lue-r ic ’a I - e - msm l

** austenilic ~tecl An ahluuy steel wi m uc - s e- structure in. plmumuge - r uuut il fracture ccc ’ e -’ t n rs , Tlue height cuf t ic - c
muucrma ll y ae - ms l e - m ui t ic ’ at rcc onm tenm perature. )ln the c - up  imu nuillinme-ter” at l’rac’Iune is a mt ue ’a n.e - ur e c c l

pre’te -uut bce m k acusten itie -’ steels cuw e t lueir —tru e— the ductil i ty, (Defcurm aticm ns iii the - plast ic - mauc-gi’
lure primarily Icc the addition muf nic kel. c ur imi a but shumc - rl muf f’nac’t urm- is n.ccrrlet imes mu se - cl t im l c r u d _

few cases . t uu nuamigamu’ se. ( duc’e resielcmal stresses in slice-I nueta l f u r  ~ t k :
**hra ss . An ie - llumv cons isting mainly cc - f c ’m u ppe ’r ) m m v e r  testing. )

and z inc . Icc wh ie- ’h smaller amcuunls id * * erOsjOfl Destr uc-’ t iccr i muf ’ nietals cu r cut lc - e m nmate n ials
mulhen elements may be added. hu s tic - c ahras ic - - e - actiomu cmf numu v imug fluim l — , um n.m u all v

** Rrincll hardnesum lest. A test feur determinirug the- acc elerated lus the pre-se uucc- c cf scu l iel icar hicle- c u r

huandnc s— uuf a materiah by fcercing a ic-ar m’l sled nuather in s uspensicmn. W herm c -’ c m rre - cs i e - umu cu ’ (’I tls

uur cai lc icle h aIl muf ~c imm ’c ’i fi ecj diameter Intuc ic - u c’.inuultanemc-uslv. time - he -m u e-ruus imu m d— cu urrm m s icmuu I”
c-uncle-n a stcec ’ified Iccad. The result is expressed eufter i used.
a-s the Br ine-li hiardnesn. number . w h ich is the **fatj g..I~. The- pheuc - munuenucuc - lead imc -g 1 mm fnm u u - te - mnc ’
eu m el m ue - - cc bh aiiue -d h is divie liuc-g time - applied lmuac f in under repeated icr fluctuatiumg — Ire ’ s—c ’ — hua c - - i tu g
k ilmm g ranu — luy t Ic-c scurf ’ace area ccf the result ing niaxiulmum value- Ic-sn. than the te - itsi le -’  ~Imi ’ mtgtim iii

inu imre- c-~ i c m n iii square nmuihl inueters. A Brine-Il lu - s m— the material. Fatigue- fractum-es a rt— pruugu’ e’ — ’. m c - u ’ .

IJ re n ’c - i udc d mmm c- ice -— misc-cl hm c p r m c - due - ’ c ’  ..e- ista ineci Ice-ginning as miutule c- rae--ks tic -at grmuw c m uucl m ’ r  t h c m ’
c - I r e — c - c ’— in a nuc-ta l fmcr 5CC testing. ) ae -’ t ic c - n u f  time fluctuating str e - -ss ,

c ath ode. Time- c- he- c l n ude mci an e lem’t rtc- Ivtic cell at **ferrj tp A suc-lid secluticun ucf cucc - e cur mmc - mcrm ’ u - l m ’ us su ’ n m l —

w h ich ru—duc t iec nu i-. t he — principal r e--a ct ion. tElec— m u  bccc iy—cent ered cubic ircuuc - . I_ tile- it s cmlh u c- r c - c I c -c ’
I rmut i— lice-cc - tucware - I Ihe c ’ athcue - i c in the external tie-signaled ) fc - r  instatuce. as c-h ruuu uu icummm ferm ilm ’c .
t i r e - m ull. tI me- smu lute is gene-rails assumed 1 mm Ic- c’ e - ’ m u r h ucuum ,

n’ c~at hcc dj c protection. -
~ techn iqtme Icc reduce’ time On same eqcmilibriuuu diagranms ti c-c rc - arm’ lwcc

e-’arru c~icrn rate of a metal surfae-’e by nuaking it ferrite regimens separated Ic-v arm ac - ustc - umitm me- r e ’ a ,
l ime -- e ’athuu de cc - f n e lee’trc -chemic -’a l cell. Tic-c lower area is alph a  fe- rrite: Ihue - uIepm-r. clc ’ l )a

corro sion. The chemical rea ch imumu imelwee- it a ferrite. Ifthiere is ic - mu c le-sigrma ti eumm . alplma f ’e- rritt I’-
nme-ta l mum allec-y and Its ens irccnment. ass c-mmed.

corro sion fatigu e. ,-t crack ing prcme ’e- u~s cause -cl his *fj ~j f~~~ corros ion. Co rrccs itcmi tIc -at m ic e -c- urn. e - uh tcl e ’ r
l I ce ’  c ’ ccn ml c inat imcmu cuf repetitive c- h mess and c ’eurru c -— scun me c’mcating s in thm e fuc-rnu mci ratudicnsI~ distrihu—

~ion. )In sic-me situations, corrosion fat igue can tuted thread like filaments.
inc le-mde cyc l ic - ’  -stress corrosion cracking, ) Frac’Iurc mechanics. Tic-c sc ience ccf t lu c ’ c rac k-

ing lc-e hc-av itc r cc -f a u’ nm uc ’ke-c i Ic- ic-dy ucuder st rm ’ n.— , I mc —

m c , ’ icnc rc ’’ c — c c e c , c , ’ - l c.cch c ’ c , c c . k , cc ’ - u , u I - c c c n c  c - — i c-I , t , - c c c c ~uc ,,n’, - c , I c ~~ t~ l~~r- ’ s , , c I  t hi l -c c- -mc- Iume tide’ ten nc- in. rc’st ni ’cte cj  1 m m t h e  l i n ce --~u r

le t ,uc i 1 c. k I ccc II I cc U c- I I elastuc frac lure-- nit— c luannc mci I meuc umu a mut i hum
I - u  c-ire_ cc., c- i -c cl. l’ u ,k  c cH - i cc - c i ’ c c , ceccl n , , c c , - r c  uI ccc m ,_cc ,-cc chr”-- ‘ c - s  h, ,mcc ch ,,r * * hy drogen emlc-ri lllc- m - - ‘ft. -\ cm mmcmii t ie - mn m i t  1cm cc-
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duct ility itu nue-ta ls re’su ltimug fnmcnc - the absorpticumu * pitling. Ceimrecsic mu cc -f a miu -ta l c~unf ’ace- . c ’ ccu u limue-el h i m
cc- i ht vdrmc -ge mu . a puc int cc - n smuda l l area , t imat take s time- l’uurmm i mit

* in~~hilor A c-’ Imenmie ’al suic st muu me -’ e icr cc e nu bui c -at iuc nm (‘avi tj e-s ,
cut -s uic-ce -tances th at . wiie-n pre -se- mut 1mm the- proper poultice effect. ‘l’hue- c -’ cc u ue - ’ e - u utmat iccmm mcf c ucrmmm s i c
u ’ mu ui c ’ e mu lr at iucuu amid icurt sus imu the environnuent , e-’he-mical species uuude- r delurus mum cuh hu e - r s h ue - I te - r—
Iureve rdhi~ cur red uc e-se - cumrruc s ion. ing nuaterial.

intergranular corrosion. 
, 

Preferent ial c ’ (c - mmm c -sie - c u c - ** precipitation hardening. liandenitug c aus e-cl Icy
at cur aml jac ’ e mc -t tmu the- grain bmmundar ie-s cci a metal time preci pitatic c - mu cmi a c-’ ecnst itu e -nh frucruc- a super—
c u r a llcc s saturated sec-lid sum l uti c cn.

- The Icuwest stress intensity at which sensitizing. A heat Ire-ate -ne-nh. whether ac ’ e - ’ iele - mm -
—tres s m ’ mmmr c mm ~itun crack imtg ha-s been cu ic -served feir hal , inte- umtimcna l, cur inc-’idental (as durimig welding)
a g ivm-mu a hl mm s in a give-mi enyinc-nnuent. l’he units w h ich causes c arbide precipita tiic mu at grain
are n.t m’e- -s n. t ime-s the sci mare roeut of length, as bec-undaries . often (‘au-s ing the alle-c-y t i c  be -‘u s-
k-s i \ itt icr \I\ un e-~, Se-c- “sI re- its intensity~’ be- c’eptmb le- to 5CC.
luuw , SCE. Saturated calomel e- lec - ’trm c-de. a siandame l

55 martens ite. (1) lut auu allcc-y. a metastable Iran-s i- reference- elec-’trode for measure - me- mets cmi

t icmnal structure internue-diate between tw uc alit,- electrochemical potentials.
trophic-- modificatiec-ns wiu cse- abilities to dissedve Shear lip. The- bcc-rder euf a brittle frac -’ tc-mre. slump-
a given solute- differ cec-nsiderably. tIc-c high- ing nominally 45 degrees tic the plane cii the
tem perature phase having the greater solubihity. brithle fracture.
The amount of the high-temperature phase * slresM.corrogion cracking. A c rac king i c r m m m - m ’ ~-

tra nsformed to marlene-cite depends to a large that requires the simultam iemmus acti ecr i mm ) me- u - m u m -

extent upon the temperature attained in cooling. nude-nut and susta ined tensile sh ru ’ ss , TImu-
there being a rather distinct beginnitug tenc-pera- exclude -s e - -c u mrccs ion-reduce-d sec - ’t icu uin. whe - i e -’ ht tail
ture- , (2) A met astable pluase of steel , formed by Icy fast fracture. It alit me c-xc -’ lude-&. intm’ r-
a t ransformation of austenite- below the Mc- (cur e- ’ mvsta llitme (c m transcmysta lline e - ’ ec rrcu s imcmd wiu ic’ im
“Ar”) temperature. It is an interstitial super- can disintegrate an allew without either applied
sat urated solid solution of carbon in iron having or res idual stress. (The term as used in limit
a body-centered tetragonal latt ice. Its mie -’ rcu - volunse is no t  restricted to any m -chanisnc- j

str ucture is characterized by an adicular , or Stress intensity (or tre -ss inteu msits pamauuu-
needle-like, pattern . (Martensite is the struc- eter). A quant itative ccc-ntinuum nc - ec ’ i mamu ic --
lure respons ible- for the- hardness and strength descriptor of the stress field amucund the- h i m  cmi a
of the traditiernal quenched and tempered crack in a stressed body. It is desi gnate-el Ic- hut
steels.) us not to be confused w ith the \ e e - mhu e- r K. The-c

*pa~eive. The state of the metal surface charac- unmts are length times the square r mc e ct ecf itt re-- c- - , - 
-

terized by low corrosion rates in a potential re- Note that “stress intensity as used t hm rc ughum u tmt
gion that is strec-ngly m xidizimug for the metal . this volume is the fracture- nc-echam uic-’n. pamam-
Pass ivity is generally due to the formation cc-f eter. It is unrelated to “St mess intensity” as cmst-d - 

-

thin, t ight oxide- film, usuall y invisible to the mn the ASME code to designate- Ihe stress diffe-’m-
naked eye, ence or two times the shear sIre-sn. ,
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