
b1 In some c.hernical environn~ents alloys give way under stresses it was 

assumed they could Jmu. The importance of this phenomenon increases 

with the gro\vin;r (liversit,. of' circwnistnnces in which alloys are used 

by I'eter H. Swonn 

en hare  come to stake their li\.es 
in many ways on the strength 
and reliability of metals. Oc- 

casionally, to our dismay, metal struc- 
tures give way under stresses they were 
assumed to be able to bear. These sud- 
den breakdowns can generally he traced 
to one of three causes: fatigue, which 
results from the repented application 
of a relatively small stress; creep, a 
slow deformation that usually occurs at 
higher temprratures, and stress-corro- 
sion failure, a weakness peculiar to al- 
loys in some chemical eovirrmments. 
There are other types of failure caused 
by the in<wqxitihility of a metal and its 
environment, hut stress-corrosion failure 
is the most widesprrad m d  significant. 

Incidents of stress-corrosion failure 
were first recorded in the 19th century 
by jewelers who observed that their 
cheaper gold alloys became brittle when 

failure of aircraft parts and metal im- 
plants in thr human body and costly 
breakdowns in nuclear reactors and 
chemical and mannfacturing plants. 
The phenomenon is not restricted to 
metals; it occurs in plastics exposed 
under stress to some organic chemicals, 
and also in glasses subjected to stress in 
the presencr of steam. 

ow does the environment of an alloy 1-1 . . . rnlt~ate a fracture and enable it 
to propagate even under a small stress? 
To this basic question can be added 
many others. \l:hy are metals of high 
purity immune to stress-corrusion crack- 
ing? (In sonre cases only a few hun- 
dredths of I percent of impurity is re- 
quired to make n metal st~sceptihle.) 

Why do some environmental conditions 
cause craclring in one alloy and not in 
others? (Brasses. for example, fail when 
subjected to s t m s  in the presence of 
ammonia, hut copper-gold alloys do 
not.) Is the role played by corrosion es- 
sential to the failure? In many instances 
the degree of chemical attack from the 
environment is small, and sometimes no 
evidence of corrosion is visible to the 
unaided eye. Research into these qnes- 
tions has called for the application both 
of physical metallurgy (the study of 
mechanical properties such as strength 
and ductility) and electrochemistry (the 
relation of chemical changes to the flow 
of electricity). Ultimately both disci- 
plines are concerned with the nature of 
evrnts taking place on the atomic scale. 

. 
exposed t o ~ e r t a i n  solutions cuntaining 
chioride ions. .4t the beginning of this 
wntury the phenomenon received u d e r  
notice when the brass cases of cartridges 
issued to the British army developed 
curious cracks 01, their arri\xl in India. 
Because the tendency to crack \vas 
greatest during the rainy season, the 0 
weakness was first known as "seasurr" 
cracl;l&.It was eventually shXTTEit-. ' -- 
the crackkg was caused by the cum- 
bined action of traces of amn~onj i~  in the 
moist atmosphere and stresses remain- 
ing in the cartridge cases from the time 
of fabrication. If either the ammonia 
or the residual stresses were removed, 
the tendency to crack was eliminated. 
Once it was established that stress and 
a corrosive environment must act to- ' ' -  

I gether to induce cracking, the more de- 
scriptive 'stresscurrosidn" cracking ATOMS AT TIP OF CRACK in a crysulline solid .re represented rehematically. One t h e  
was adopted. I t  is now known thnt ory of e.trcsrorrusion failure holds that reruin ions from atmosphere (bhck)  can pen- 
stress-corrosion affects many alloys and t m c  to stam@ a tip of rrsrk and becow strondy adsorbed, thus lowerin8 the binding - 
has caused the explosion of boilers, the energy between these atoms end enabling the crack to propasate at m nnosudfy low streed. 



. Although it is not usually obvious 
from their external shape, solid metals 
are c~ystalline; that is. their atoms are 
arranged in a regular three-dimensional 
a m y .  In order to visnalize how-a 
crystalline struchlre would fracture we 
most mnsider the arrangements of 
atoms that would prevail at the tip, or 
leading edge, of a crack [ser ill~rsfrutior~ 
on preceding pugel. The atoms at the 
surface of the c~stal l ine stlucture are 
not bonded on all sides, and cnnsr- 
quently their energy is greater thau the 
energy of the atoms inside the structure. 
This excess energy is termed surface 
energy. The atoms at the tip of the 
cmck, which are displaced by the stress 

from their normal position. are in an 
inte'rmediate energy state. Their excess 
energy is called elmtic energy, and it 
c m  be increased to the level of surface 
energy by increasing the stress. A 
fnrther increase in elastic energy will 
cauce these atoms to move into posi- 
lions characteristic of surfwe atoms and 
will allow the crack to advance n dis- 
tance equivalent to the dian~etcr of 21 

few atoms. 
The magnitude of the surface energy 

can he mcnsured, and from it the valne 
of the stress required to propagate the 
fracture can he calculated. This sim- 
plified method of determining the stress 
required for the propngntion of a crack 

provides a somewhat low estimate be- 
cause it does not take inta account the 
fact that metals commonly undergo 
some plastic deformation before frac- 
ture. Rut even if we use the underesti- 
mated cnpwities of metals determined 
by this meihod, we find that st-- 
corrosion failure of an alloy ordinarily 
occurs nt stresses of less that] a hun- 
dredth of the load the alloy 1s assumed 
to he capable of sustaining. . 
I I ow can frachlre occurat so m a n  a 

stress? One view i\ that the chemi- 
cal environment has a consider&le in- 
fluence on the surfam energy of the 
susrzptihle alloy. It is helieved that cer- 

DISLOCATION is a defect involved ill the strearrorro*ion r r ~ r k -  plied. a simple flip in atomic lmndin~ maker the dirloration jump 
ins 01 alloys. The edFe dialol.a~ion, reprr.m~ad -by the invprtcd one re11 to the right (fop riphf I .  Ultims~ely the didocation rcechee 
T-shapd rymbol, orrura where plane ol atomr is a h c n t  from the thp edge ad the rry*tsl. pr4uring a unit dip, or dip rtep. Plratir d r  
crystal lattice lpnnel r t  rop felt I. When a .mall ah~arins forrr i- ap- Iwnrnulim of the metal inrul~ea  mnny mdt rlip rtrpr in eeqoencr. 



tain ions in the environment can dibuse 
t6 the tip of the crack and be adsorbed 
there and on the nearby walls. The d- 
sorbed ions would lower the binding 
energy between surface atoms to the ex- 
tent that crack propagation could occur 
a t  small stresses with little plastic de- 
formation. This theory would explain 
the specific effectiveness of stress-corro- 
sion envimnments. For any particular 
alloy only a few ions ordinarily present 
in the environment would be sufficiently 
small to diffuse to the tip of the crack 
(the radius of which would be on the 
order of the distance between the atoms 
of the alloy) and would also be capable 
of being adsorbed to the surface of the 
alloy. The theory holds up when it is 
applied to the environmentally induced 
h c t u r e  of nonmetals and to the cmck- 
ing of pure metals and alloys in the 
presence of liquid metals. I t  does not 
explain, however, the very slow rates 
of stresscorrosion cracking in water so- 
lutions and the absence of such failure 
in pure metals. 

A competing theory of stress-corm 
sion cracking proposes that fracture 
begins and proceeds with the electnr- 
chemical dissolution of the alloy along 
pa r t da r l y  reactive paths to fonn pits 
that eventually deepen into tunnels. The 
development of many corrosion tunnels 
would weaken the alloy so that a crack 
could be propagated by a small stress. 
One of the main premises of this theory 
is the esistence of paths of enhanced 
reactivity throughout the susceptible 
alloy. After stress-corrosion failure oc- 
curs the pnth of a crack can be er- 
amined; often we find that the c rxk  
has followed the boundary between the 
adjoining grains, or small single crystals, 
that make up the metal. This inter- 
granular fracture is readily explained. 
The distribution of elements in an alloy 
is not homogeneous, and the composi- 
tion at or near a given grain boundary is 
different from the average composition 
of the alloy as a whole. Accordingly the 
chemical reactivity of the grain-bound- 
ary region is high. 

In many alloys that are susceptible to 
stress-corrosion failure, however, the 
fracture path shows no preference for 
grain boundaries at all. In fact, stress- 
corrosion ckacks can be produced in 
large single crystals of the susceptible 
alloys. This type of fracture, called 
transgranular fracture, is not so readily 
explained. Why do cracks, propagate 
across the grains in some alloys? in 
an attempt to discover the nature of the 
transgranular paths the aothor, working 
under J. Nutting at the University of 

DlSLOC4TlOlV "TAZCLES" prucluvrd Iydrforminp a specimen of pore copper are e n  
larged some 22.000 dianwterr  i n  t l L  elrvtrou mirrograph. The ims~e of an individual 
dislocation is some 50 sturns  i n  u id th;  in  the mirroeraph each dislocation appears a s s  shon 
dmrk line. The didri lmtiun of banpled di4ncrtions is typical of pure metals and dilute alloyr. 



CORROSION TUEKECS develop from pits on the surfare of an alloy that elonwe in the 
direction of closes: atomic parking (totcurd botrnm r i ~ h t  in this cnscl. Tunnels are some 
250 atoms in diameter; this micrograph of an alloy enlarges them home 100,000 diameters. 

LININGS OF TL'NKELS, the needle-like ol,jertr in tlrir mirru~rapb. were made to rling to 
sn oxide replica of a wainlerer~rel w r f a c e  while the nlluy in which Lhry had lnrmrd war 
selectively diriiolvrd. The mirrogroplr was made Ly N. A. Xielsen at the Experimental Stn 
lion of E. I. du l'ont de Nemourr and Cornpuny i s  Wilminpton. L)-I. It indicntea tIm r o r r u  
cion tunnel.. are noc.leuted tth;tt i., t l q  fum> in i~ ia l l?  I i n  rox- o n  tlw ntr1uc.e ol 1111. :nIlcr). 

Cambridge and later with H o w d  
Pickering and David Ernbury a t  tlw 
Edgar C. Bain Laboratory for Fun&- 
mental Research of the United S t a t o  
Steel Corporatir~n in Monrwville, Pn.. 
emploved the technique of transmissicm 
electron microscopy to examine su, 
c q t i b k  d o y s  at  magnifications Iar~w 
ennugh to resolve most crystal defectr 

This technique involves reducing thc 
specimen to a thickness of about 5 t K l  
atoms. Electrons acceleratGd to high 
velocities can then be caused to penc- 
tmte the specimen and make visible thr 
defects in the c ~ s t a l  lattice. The k i d  
of defect of immediate interest to t o  

is called a dislocation. Such a defect L< 

crented when one part of a q s t a l  is 
displaced nith respect to the rest [scr 
ill~~strution on p g c  741. The boundary 
of the region that slips-the dislocation 
l i n e c a n  be made to move over a crystal 
plane (called a slip plans) by the action 
of an external sbess. The growth of the 
slipped region is complete when the dif- 
lowtion line passes thrnugh the crysial 
surface to form a step. I t  is the mo- 
tion of dislocations that allows a metal 
to be deformed in a ductile manner, 
but since the slip associated with each 
disloci~tion is only of atomic dimensions, 
the motion of billions of dislocations per 
cubic inch of metal is needed to pro- 
duce even a slight plastic deformation. 
Fortunately for investigatr~rs of met& 
a dislocation is visible ir a microgmph 
made with the electron :micrnscop he- 
cause the distorted ~ ~ y s t n l  lattice near 
the axis of the dislocxtion diffracts the 
illuminnting electron beam more strnng- 
ly than the ut~distorted crystal that sur- 
rounds it. The dislocation thus appears 
as a thin dark line. 

ur imttal experiment:; compared the 
Ostn;c;"re of dehn iml  lopper alloys 
of different con~position. Specifically we 
sought to determine why dilute alloys- 
that is, alloys containing relatively little 
I J ~  the alloj-iug element or elements-do 
not show transgranular cracks when 
they fail by stress-corrosion, whereas the 
more cnnrentrated alloy:: do. In some of 
the electron micrographs we made we 
ohserved a striking efkct of the con- 
centration of the alloying element (or 
elen~ents) on the distribution of disloc-a- 
tions in copper alloys. At a low concen- 
tratiou the dislocations form tangles 
with a cellular cnnfiguration; at  a con- 
centration high enough for tmnsgnnular 
stress-rorrosion r ~ a c k s  to occur the dis- 
locations move one behind the other in 
groups on well-defined planes [see boi- 
ton1 i l l t~rufinn on p r~crd ieg  pogc]. Ap- 



parently transgranular cracks are formed 
only when the deformation takes place 
in this way. 

The correlation of groups of dislo- 
cations in planes and the formation of 
transgranular cracks has been found 
to apply to many alloys susceptible to 
stress-corrosion failure. One such alloy 
of iron, which contains chromium, nickel 
and .mall but important m ~ o u n t s  of 
nitrogen nnd carbon, is a stainless steel 
with a useful property: its crystal stntc- 
ture clranges when the alloy is cooled to 
the temperature of liquid air. The room- 
ten1per;tttlre form, called austenite, is 
susceptible to tr:tnsgranular cracking in 
a soh~tion of hniling saturated magne- 
sium chloride, but the low-tempcmture 
form, called martensite, does not fail in 
the presence of this solution. By slowly 
lowering the tenlperahlre we can o L  
tain a snecirnen of this stainless steel 
that is partidly transformed from ans- 
tenite to ntartt-mite: thus we  cat] direct- 
ly compare the distribution of dislo- 
cations in the austenite and marteusite 
structures. The dislocatious of the mar- 
tensite structure do not form in planes, 
hut disloc:ttions in the austenite struc- 
ture do. Since 60 Inca1 chenges in chemi- 
cal composition cml occur during the 
low-temperature transformation from 
nustenite to martensite, it is clear that 
susceptibilitv to stress-corrosion crack- 
ing depcnds on some phvsical charac- 
teristic of the suscrptible alloy. 

hece early experiments led 11s t < ~  
sY~pos r  that the plane grnups of dis- 

1oc;ttiolls n~ight  then~selves provide the 

EARLY EFFECT OF CORROSIOX, the fnmn~ation of pits  rows of blucli dolsl, i. -how 
dirertlj- on' the surlare 01 a swinlesr steel. The di-luralions lbhck lines) create dip steps 
that xerve or nuclei lor pits. The slip steps t h r r n r ~ l v e r  cannot be seen in this mirrocraph. 

- 
reactive path in cases of transgmnular FIN.AL EFFECT OF CORROSIOTS on n thiu qwrirnes of alloy is a slot that pierces it. Cor. 
crocking. To test this iden we exposed rosion ,Iota itre formed 1,)- tunnelr mrreiril: t s o  aplwar iu !hil micrograph (white repions). 

specinlens of varions alloys to stress 
in corrosive environments, so that we 
could observe with the electron micro- 
soope the first stage of chemical attack. 
To nur dis;~ppointnrent the plane groups 
of dislocations were not attacked prrf- 
wentially; instead attack occurred ran- 
domly over the surface of the suscepti- 
1~11. alloys, taking the form of pits that 
mnged from 20 to 500 atoms in diam- 
eter. The pits continued to grow in the 
ilirection of the most closely spaced. 
atoms of the crystal structure, elongat- 
ing into tunnels. The rate at which the 
tu~tnels deseloped was quite high: it 
was comparable to the known rate a t  
which cracks propagate during stress- 
corrosion failure. 

Corrosion tunnels have a h  been re- 
vealed in electron micrographs made by SLIP TR.4CES. tbr puths made by movement e l  dirlorations, appear ar long dark lines md 
N. A. Nielsen of the Experimental Sta- dir~or.tionb ss dtun venirol line* in this mirruprspla. .A stressed alloy was immerned in n 
tion of E. I. du Pont de  Nenlours and ~olulion that libers~rd tiny panicles of platinum tblrrck dots) when it decomposed. The 
Company in \Vilmington, Del. Nieken pre.e?re of tlnr-* pani r l r~  near the *lip trace- indira~w an area 01 enhanced reartivit~. 



developed a tech~iique for examining 
stresscvnasion cracks in stainless steels 
that involves oxidizing the surface of 
the corroded specimen arid then dis- 
solving the underlying metal. This pro- 
cedure leaves an oxide replica of the 
surface, approximately 200 atoms thick. 
to whiclm any corrosion prorlucts would 
adhere. The linings of the tunnels are of 
course corrosion products, and :so Niel- 
sen was able to isolate them irnd make 
micrographs of them. They ;mppkmed as 
long. hollow threads sticking out of the 
vxide replica [see bottom illustrotion on 
lmge 761. The tunneLs themselves were 
judged to have formed initially on some 
defect in the c ~ y t a l  structure, and the 
direction of their growth seemed to be 
related to the crystal lattice of the alloy. 
Nielserr's pictures also showed for the 
first time a definite link between the 
corrosion tunnels and the stress-corro- 
sion crack itself. In one of his micro- 
graphs a network of mrrosion tunnels 
can be seen in front of a region in 
which the tunnels had grown together 
to form a transgranular crack. 

The nrecise nature of the defects that 
UNPROTECTED SURFACE of a fre.hi? defornled r~ain~ess.,trr~ aperimen W, expo+rd to provide nuclei, or points of fommation, 
a solution t b 1  derompored so as  lo  l i lwra~ r  platinum panivlr. at ihp rhemiralll a r t ive  for the corrosion tuntlels u n n o t  be de- 
dip steps tatroiphr A r k  lines).Slip steps in any  rain of the alloy are approximatel~purallel. temmined from oxide replicas of the alloy 

SUI-face. This can best be done by ex- 
perimenting with thin films of the alloy 

PROTECTED SURFACE of a nainlesr-*tee1 rperimen tlm lssd heen deformed before i t  wsa 

immersed and rtrephed in a solution known to rvuxe stresc.c.orroiion iuilurr x a i  nlio exposed 
lo a solution that liberated platinum panic.ies. There depo~itrd in a random r a y  rather 
&an near rhr slip htrps. It appear, that n w l r  formed slip strpr  i r e  rfwmirimlly reactive. 

%self. In our laboratory we have stressed 
alloy specimens for a few secoorlr in a 
boiling saturated svlution of magnesium 
chloride and then examined them in 
the electron microscope For signs of 
chemical attack. At the earliest stage of 
nonrandom attack discernible to us the 
nuclei of corrosion tunrlels appear as 
horizontal rows of black dots. It is im- 
portant to note that the nuclei of the 
conosion tunnels are not provided by 
the dislocation lines themselves but by 
the slip steps they have created on the 
top and bottom surfaces of the thin 
specimen. Several examples of corrosion 
pits more than 100 atoms deep were 
observed along slip steps after only a 
few seconds of exposure to the stress- 
mrrosion environment. One micrograph 
we obtained illustrates the final stage 
of crack fnmmation, in which the pits 
have pawn together and con~pletely 
penetrited the thin specimen. This 
micrograph helped to dispel our notion 
that the tunnel is nucleated a t  the p h e  
groups of dislocations; clearly nuclea- 
tion occurs at the traces of slip planes 
on the surface. 

he sites where the dissolution of the 
Talloy actually begins can best be re- 
vealed by a technique of platinum "dec- 



, brati&" that was originally used by 
Kielsm in cnnjunrtion with his sorface- 
replica technique. This method exploits 
the fact that ions of chloroplatinic acid 
will decompose on the surface of an 
alloy adjacent to regions in which the 
metal is being dissolved. The tiny par- 
ticles of platinum liberated when this 
decomposition occurs can be detected in 
the electron microscope because they 
strongly scatter the electrons in t l ~ e  illu- 
minating beam. \%'hen the platinum- 
decoration technique is applied to 
stressed thin specimens, the chemical 
actibity of the slip steps is demonstrated 
plainly. One can thus obsewe in the 
same electron micrograph slip traces 
(paths made by the movement of dis- 
locations in thin alloy specimens), the 
dislocations that produced them and the 
particles along the slip step [see bottom 
illustration on p u g  i i ]. 

Our proposal that slip steps provide 
nuclei for stresscorrosion cracks was 
apparently in conflict with the experi- 
mental observation that the density of 
surface slip steps is often 100 td 1,000 
times greater than the density of stress- 
corrosion cracks. This discrepancy was 
explained, however, by another experi- 
ment involving stainless steels. Stainless 
steels would be very reactive alloy if 
i t  were not for a thin surface film, 
chemically inert to most environments. 
tt.at forms when such steels are exposed 
to air. This film prevents further cor- 
rosiou and gives the steels their stainless 
qualities. It seems safe to assume, in 
working with stainless steels, that the 
traces along which corrosion tunnels 
form are precisely those sites where the 
protective f ih  has been broken by the 
formation of slip steps. 

Two stainless-steel specimens were 
electropolished to give them similar sur- 
faces and then were deformed under 
stress to produce surface slip steps. The 
&st specimen was immersed for one 
minute in a boiling saturated solution 
of magnesium chloride that had been 
"doped" with chloroplatinic acid to help 
reveal the chemically active sites on the 
surface 'of the specimen. Using a light 
nkroscope, we observed the expected 
result: crystals of platinum deposited 
along the surface slip steps in the vari- 
ous grains of the alloy [see top illusfra- 
tion on oppovite puge]. The second 
specimen was immersed in an undoped 
magnesium chloride solution for one 
minute, after which it was transferred 
to the doped solution for another one- 
minute immersion. We observed that 
the prior immersion in undoped mag- 
nesium chloride solution eliminated the 

PROTECTIVE FILM on the eurlarr of an d o ?  mrh as s ~tainles stwl e m  be broken in 
one of two ways. dependinc on the distribution of the rhesr (that ib the type of slip!. Fine 
slip ( fop)  exposes p much smaller area of underlying metal than coarse dip (bouorn). 

enhanced reactivity of the slip steps; 
they ceased to be preferred sites of 
platinum decoration [see hottom illus- 
tration on oppositc pugc]. We concluded 
from this experiment that the damage 
to the surface film resulting from the 
slip steps produced by defonuation is 
rapidly repaired during exposure to the 
boiling magnesium chloride solution. 
\\'hether dissolution can cnntinue once 
nucleation takes place must depend on 
the rate of film rep i r  compared with 
the rate of film breakdonn caused by the 
motion of dislocations. Consequently it 
appears that only slip steps that are 
created during exposure to the cracking 
solution have the potential of nucleating 
and propagating stress-corrosion cracks. 

It is to be expected that the amount 
of damage suffercd by the protective 
surface film is determined not only by 
the amount of slip hut also its dis- 
tribution. The same amount of slip will 
expose a greater area of unprotected 
surface when all of it occurs on one 
plane (this is called coarse slip) than 
whe~r it  is distributed in small amounts 
over several planes (fine slip). It is more 
likely that the surface film would be 
broken in alloys forming coarse slip 
steps. This helps to explain the connec- 
tion betweem the distribution of dislo- 
cations and the mode of stress-cornsion 
cracking: those alloys that form plane 
groups of dislocations also form coarse 
surface slip steps. 

The validity of this argument can he 
demonstrated by a simple experiment 
involving a stainless steel that can take 
the form -of martensite and austenite. 
First the steel is refrigerated to form a 
martensite structure and de fn rnd  to 
produce fine slip steps. Then it  is ex- 
posed to the platinum-doped solution 
for a few minutes and examined in a 
light micmscope. The fine steps are not 
revenled by platinum decoration [the 
chemical attack is randomly nucleated). 
indicating that this structure is resistant 
to stress-corrosion r~acking. When the 
austenite version of the alloy is t m t d  
in the same way, however, it is de- 
formed by producing coarse dip steps 
that are  chemically active, and this 
structure is susr~ptible to transgranular 
cracking. 

o far we have been concerned mainly 
with the nature of the nucleation 

site that leads to transgranular stress- 
corrosion failure. The equally impor- 
tant mechanism by which the corrosion 
tunnel fornis at an active slip step is at 
present poorly understood. I t  is clear, 
however, that when the protective film 
on the surface of stainless steel is mp- 
t u r d  by the formation of a slip step, 
atoms of the alloy must come directly 
in contact with the corrosive environ- 
ment and can enter into solution to be- 
come positively charged ions. The ex- 
tent of this reaction is determined by 



the relative rates nf corrosioll and re- 
pair of the protective fiinl. Tile fnrnm- 
tinn of :i locally high ct~l~centration of 
positi\.c metal ions is e spc tcd  to at- 
tract to the slip step chloride ions ;~nd  
other negatively charged ions in solo- 
thm. In the case of stninless steels it ic 
known that r h l ~ ~ r i d c  ions i : t t~ l  othcr 
ions of the halogen fi~n~il!.) cause ;I 

hreakdow~~ o i  the pmtcctivc fi1111. \ \ 'e 
alw knon that t11c snll~hilit! of t I r  
elenlellts that compose tile strcl-itlrn. 
nickel :~nd rln'omillnl-is ~lnusu;~liy hi$ 
in thr presence of e strong cclncen- 
tration of chloridu. Thc enrichment of 
chlorides in thc region of n slip step 

SLIP STEP 

might explain why a given corrosion pit 
will grow in the direction in which 
atoms are most closely packed. 

T h e  aim of any investigation into the 
cause of a certain weakness is to di5- 

c o \ w  a means of overcoming it. T h r  
results presented in this article indicate 
sever:ll possible ways in which we can 
hope to prevent stress-corrosion crack- 
inz. The process be$ns with the physi- 
cal rupture of the thin, protective sur- 
face film; secondly, the metal atoms a t  
the slip step enter the stresseomsion- 
ccwking environment as the protective 
film s tx ts  to cover the newly exposed 

STEPS THAT LEAD TO CRACKING of n stainless rleel are de- mation of the protective film; this enables cerrosion pits to do* 
pirted. Under the action of an applied stress, dislacations move to gate and oltimately form tannels. The continued motion 01 
the surfwe, forming slip steps that fracture the protective film snd dirlocationa on the slip plsnr presenrs these corrosion tunnels from 
expose metal ions lreprerented as M i  ) to the corrosive enriron- heromins inactive. They grow sideways, merging in the find stage 
nnrst. Clalaride inns (C1- 1 wnrentrsts *I a dip and retard r d o r -  of the strexs~orroiioa proress lnot depicted) to form a cnck. 



-I 
m&l sur?ace; thirdly, specific ions that 
.ftF;Lzr the formation of the protective 
film are attracted to the slin sten and . ' 
corrosion tunnels become nucleated; 
lastly, the motion of dislocations under 
the action of the applied stress ensures 
the continued growth of the corrosion 
pits. The prevention of any one of these 
important steps in the formation of a 
crack should ~liminate susceptibility to 
t r a n s p n d a r  stress-corrosion cr;irking. 

One ohvior~s approach is to try to 
reduce the damage to the, protective 
film by using various metallurgical tech- 
niques that discourage dislocations from 
gliding ill large groups on single planes. 
This approach has met with some suc- 
cess in the l;ibordtory, but more must 
be done to develop a commercial alloy. 

Another approach is to try to pre- 
vent the dissnlution of metal at the 
slip steps. This can be achieved most 
easily by establishing an electric circuit 
in which the current flows in a direc- 
tion opposite to the smnll currents gen- 
emted during the dissolution of metal. 
An alternative method of reducing 
localized corrosion would be to hasten 
the repair of the protective film. In some 
cases this can be achieved by adding 
certain chemicals to the stress-conosion 
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environn~ent. \Vith both of these ap- I it has beer, sho\\n in the labo- , 
I SCIENTIFIC ratory that the stress-corrosion cracking 

of stainless steels can be prevented un- 
der some environmenbl conditions. 

Given the variety of industrial uses 
of alloys, it is often not possible to con- 
trol closely the elwirorment in which a 
given metal will be placed. The most 
desirable methods for preventing stress- 
corrosion f+re s110uld therefore in- 
volve some minor n~odification of the 
alloy itself. e could, for example, 
add small an~uunts of alloying elements 
tliat fonn insnh~ble compounds \vith the 
stress-corrosion cnvironment. The pre- 
cipitate formed during corrosion might 
then hinder the grnwtl, of con-osiou 
tunnels and enable the protective film to 
re-fom~ over the slip step. 

In conclushm it should be mentioned 
that alth.ough we have dwelt mainly on 
the problem of the transgranular stress- 
corrosion fidure of stainless steels, par- 
allel experinlents in our laboratory arid 
in Nt~tting's'labor;ttory (which is now 
at tlw University of L e d s )  suggest that 
the same mechanism applies to many 
other susceptible alloys. There are also 
indications that the mecl~anisms of 
intergranular and transgranul;~r stress- 
corrosion cracking are basically the 
same, in which case the applicability 
of our findings would be widened. 
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