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INTRODUCTION

Stress corrosion cracking has been defined as "damage re-
sulting from a complex interplay of tensile stress, corrosion,
and crack scnsitive paths through an allqy"(l). Service failures
frequently occur from residual stresses set up in structures dur-~
ing fabrication. Thesc stresses may result from deep drawing
of brass, work hardening of aluminum, the pressing of oversized
bushings into aluminum alloy fittings, riveting or welding of
steels, or even as a result of torgues encountered in pipe line
construction.

The term stress corrosion cracking should be limited to
that type of corrosion in vhich no sensible damage results in
the absence of tensile stresses, This distinction excludes stress
accelerated corrosion in which corrosion is found to be intense
even in the absence of applied stress, indicating that the nmeche-
anisn is primarily electrochemical in nature and is simply accel-
erated by the application of stresses. The stress, if applied,
plays no part other than to rupture the corrosion weakened grain
boundaries.

Stress corrosion cracking may be either intergranular, as
in aluminum alloys, alpha brass, and low alloy steels, or trans-
gramular, ag is common in magnesium alloys and austenitic stain-

less steels, Intergranular cracking, however, can occur in some
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austenitic stainless steels which have been sensitized. This
attack apparently results from the precipitation of carbides
along the grain bounderies of the alloy. Intergramular corrosion
can be controlled in a particular azpplication by the use of o
suitable stabilized alloy or by proper heat treatment. Transgran~
ular cracking, on the other hand, can not be easily controlled
by slloy additions or heat treatments. Transgranular cracking
is a characteristic failure of 211 of the common 18-8 stainless
steels, including those containing carbide stabilizers, high nickel
contents, or low carbon contents.

The media that cause stress corrosion cracking of susccp=-
tible alloys have been found by experience usually to contain
the chloride ion, although it was later discovered that its pre-
sence was not altogether necessary for cracking to occur. The
effect of various chloride salts on stress corrosion cracking
of austenitic stainless stecls has been studied by Edeleanu(z).
He shows, in general, that it is the chloride ion itself that
is the culprit, and the effect of the cation is only to produce
=z change in the relative time and temperature for crackinge.
Chemicel mediz most apt to cause cracking are those containing
chlorides at a pH slightly on the z2cid side of neutral. Hence,
boiling concentrated magnesium chloride solutions constitute a
severe ernvironment and cracking occurs in a matter of a few hours,
General corrosion in such media is only slight at most. In media

for which general corrosion is pronounced, cracking may not occur



at all.

The procedure for determining the susceptibility to stress
corrosion cracking in the past has consisted of subjecting a
stressed specimen to the corrosive medium for a given period of
times If cracking was observed, the results were expressed as
"not cracked", in which case the allay was termed "not suscepte
ible", or as "slightly cracked", or "badly cracked", in which
cases the material was tormed susceptible. Another procedure
was to subject the specimen %o the corrogive medivm until com=
plete fallure occured. A somewhat quantitative test was hence
initiated, as the time to failure wus z measure of the suscepti-
bility of the material.

¥ven this somewhat quantitative measure of susceptibility
to stress corrosion cracking seems to be inadequate because it
does not differcntiate the effects of each of the two processes
contributing to eventual failure of the metal by cracking. It
is desirable to distinguish between these two processes, crack
micleation and crack propagation, for any 2llgy because the de-
gree of danmage can be estimated at any time after exposure to
a corrosive mediume The results obtained in this investigation
are separated into the two processes, each process being described
in terms of a characteristic constant of the processe. This method
establishes a quantitative measure of the generzl term "suscep-
tibility".

Research was initiated by the Depariment of Metallurgical
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BEnzineering at the Virginiae Polytechnic Institute in order to
gein the needed knowledge concerning the time for crack mucle—
ation and the ratc of crack propagation in austenitic sit-inless
steels and to determine the effects of several fretors that sovern
or haye an effect on the crack nucleation time ond the rate of
crack propuzgations In the course of these investigations, it
was noted that different lots of technicel zrode magnesium chlo-
ride from the same supplier produced inconsi-tent recults for
the time of crack nucleation znd the r-te of cr-.ck propazation.
These incrnoictencies were ttributed to the presence of varying
amounts of impurities that arc commonly found in technical grade
megnesium chlorides

This thesis precents experimental work done to determine
the quantitative efiects of certnin of these impuritics upon the
time to crack nucleztion and the rate of crack propzgontion in
ATSI 304 stninless steel expcsed to boiling 425 magnesium chlo-
ride sclutionse. For the purpose of this imvestigotion, chemiceolly
pure nognesium chloride wos employed with the impurity compounds

being intentionally added in the amcunt of three weight per cent.
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II
REVIEW OF LITERATURSE

The earliest record of stress corrosion can be traced to
Robert-Austen, who in 1886, reported the cracking of a gold=copper-
gilver alloy exposed to a ferric chloride solution. Since that
time, many reports of failure by stress corrosion cracking have
becen recorded. ¥ith the increased use of stainless stcels in
recent years, much intercst has been aroused, and the phenomenon
hae now become onc of the most important metallurgical problems
occuring in industry. The mechanism of stress corrosion is cvi-
dently complex, and meny guestions regarding the exact nature

of the process remain unanswered.

Hany laboratory experiments have been concerned with the
problems of stress corrosion cracking for the purpose of attempt—
ing to propose feasible mechanisms. There have bcen numerous
mcchznisms proposed by a number of investigators, z2ll of vhich
have merit, yet ozch fails to provide a2 complete ansver for cer-

tain observed effects.

It is generally =zgreed by investigators that the principzl
factors involved are stress, time, nature of the corrosive en—
vironment, temperature of the corrosive enviromment, and the ine
ternal structure of the alloy. Two other factors, about which
agreenent is not widespread, arc plastic strain and the nature

3
of protective films in mildly corrosive media( )-



«10=

The lowest stress at which stress corrosion cracking will
occur in austenitic stainless steels in chloride solutions is
apparently affected by the anion, tenperature, and physic:zl
nature of the corrosive medium, which in turn control the chlaride

(2)_

ion to oxygen ratio present at the cracking site Some zuthors

indicate that the minimum stresses reguired for cracking are

of the order of the tensile yield strength(s’é), vhile other
investigators indicate that stresses as low as 3000 to 10,000
pounds per squarc inch will produce cracking(7’8). Hoar and
Hines(g) and Evans(lo) have studied in detail the threshold
stress for cracking. These authors indicete that in boiling
magnesium chloride solutions, the threshold stress for austenitic
strinless steel is approximately 20,000 pounds per scuare inch.
Other nuthors indicate that no threshold stress 1s observed be-

low which cracking will not occur.
For cracking to occur, surfsce or subsurfoce tensile stresses

must be vpresenty compressive stresses may be used as a method .
of alleviating the stress corrosion problem in many applications(S).
In order to deternmine the effcet of tho rate of strairning, 18-8
test specimens, stress relieved after shearing, werc bent to a

four inch spen in times of 10 seconds, 5 minmutes, and 10 ninutes,
then immedistely tested in boiling magnesium ohloride(ll). Yo
effect waa observed, Additional specimcns were bent at higher

velocities by impact of falling weights held in a specially con-

structed jig; still no effect was observed.
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Chemical medie most 2pt to cause cracking are those con-
taining chlorides at a pH slightly on the acid side of neutral(ll).
Edeleanu(z) has studied the effects of various chloride salts on
stress corrosion cracking of austenitic steinlcss steels, It was
determined that the chloride iom itself is responsible for crack-
ing and the effect of the cation is to affect only the conditions
of relative time and temperature for cracking. It is generally
agreed that oxygen is necessary for chloride stress corrosion
cracking of stainless steels when the corrosive media contain low
concentrations of the chlaride ion. The actuzl role of the chloride
ion in stress corrosion crackling does not seen to be well under—
stood. Numerous studies have shown its relationshlp to pit forme
ation(8’12’13’14). It appeared to Hackmann and Stephens(IS) that
the chloride ion was absorbed on ferrous surfaces in preference
to oxygen, and through the mechaLiSm of contimious film repair
and breakdown, forms local anodic areas which lead to pitting.

Additions of acid to the coarrosive medium in tests by Unhlig

(11) decreased the cracking time to s minimum of about

and Lincoln
one-~half the normal time, whereas additions of alkall increased
the time only slightly. These results proved that shorter times
for cracking in used test solutiocns did not result, as wvas pre-
viously thought, from a decrease in acidity caused by the reaction
of metal with magnesium chloride. Instead, the effect was undoubt-

edly caused by ferric chlaride accumulation(z) through corrosion of

gpecimens.
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The decrease in cracking time by additions of acid were
thought to have bcen ossociated with films on the nmetallic sur-~
faces, but it alsc may have been instrumental in increasing the
electrical conductivity of the magnesium chloride solution throuch
additional hydrogen ions. The acid also increzsed the operating
electromotive force of the metal electrode~hydrogen electrode
cells, presunably responsible for crack p:opagation, to the ex-
tent of 4.2 millivolts for each unit pH change. Ferritic salts,
on the same basis, were found to decrease cracking time because
they are active depolarizers serving to accelerate the cathode

reaction(ll).

The internal structure of the metal has a definite rclation—
ship to its susceptibility to stress corrosion cracking,. Uhlig(l)
has stated that pure metzls arc immune to stress corrosion crack-
ing regardless of the stress applied. It was determined that
pure copper, stressed in an atmosphere of ammonia, will not crack,
but when slloyed with 0.1% or more of phospherous, antinmony, ar—
senicy or silicon, becomes susceptible and cracking occurs. This
is an indication that either an electrochemicrl process or lattice
distortion is responsible for craclinge.

Austenitic stainless steels offer z high resistance to
zoneral corrosion due to its property of passivity, and there
has been a theory proposed by Heger(ls) t0 explain this property.
This theory, generzlly accepted by other investigators, involves

the formation of protective oxide filmg over the surface of the



allay. It is thought that the film is an oxide of chromium, but
its nature has not been definitely established. If it were pos-
sible to maintain a contihuous, unbroken, protective oxide filnm
over the entire surface of the zllay, stress corrosion cracking,
according to leu and Helle(17), could be prevented. Enviromments
ocontaining the chloride ion, however, have been found to be det-
rinental to these protective films, resulting in breaks or dige
continuities in the film which expose unprotected metal surfaces
to the action of the corrosive medium,

Leu and Helle(17) postulated that ocarrosive attack resulting
in stress corrosion cracking occurs only at themse areas where the
film has been broken. A brittle film which may be fully protective
will, upon deformation, show many breaks and discontinuities. A
ductile film, however, may yield with the metal under deformatiom
and remain protective. The physical properties of the protective
film therefore affect the role of the films in the stress corrosion
mechanism of stainless steels.

A cyclic mechanism in which slow electrochemical propagation
alternates with a short but rapid mechanical fracture was proposed
by Keating(l8). The strongest support far this mechanism was a
motion picture study of crack propagation along the surface of a
susceptible allay, which revealed short and rapid steps of prop-
agation on the surface. This, according to Barnartt and Van
Roqyen(lg), is not sufficlient evidence, because it is possible

for a crack to grow amcothly in three dimensions but break through
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the surface in bursts, particularly if surface films impede part—
ing.

The mechanical fracture step, in a theory proposed by Keat-
ing(la), is initiated when corrosion produces a stress concentrating
notch which is located at an appropriate lattice site or bounde

(20), who, from

ary. A different cause was assumed by Nielson
clectron microscopy irnvestigations of corrosion products depose
ited in cracks, concluded that solid corrosion products can exert
2 wedging action and produce periodic fracture by mechanical meanse.

21) have conductcd tests to detere

Pickering, Beck, and F‘onta.na(
mine the magnitude of this wedging action, It was det. rmined
that three conditions are necessary for stress corrosion cracke-
ing to ocours (1)an insoluble corrosion product must be found,
(2)the corrosion product must be larger in volume than the metal
from which it forms, (3)the corrosion product must form in a re-
stricted rogiony as in a crack.

The application of stress to a crack sensitive alloy does
not affect the anodic and cathodic resction rates within the
period of crack initiation., During this period, metal disso=
lution would develop oracking sites, ecither by uncovering une
protected metal or by creating stress raising pits, or both.

If crack propagation is entirely electrochemical in nature, the
surface of the metal at cracking sites must, by stress induced

changes in structure, have a reversible potential appreciably

nore active than the surrounding metal. Unusually high metal
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disgolution rates will be exhibited by sites at a given potential,
Therefores during the propagation of cracks the overall anodic
polarization curve will be shifted toward higher currents and the

corrosion potential will decrease, 2s wes observed by Barnartt

and van Roqyen(lg).

Crack propagation is relatively slow in stainless steels

compared to brittle failurejy this and the observation that a
growing crack can be stopped by cathodic protection have led to

the concept of a purely electrochemical mechanism by Hoar and
Hines(g). It was proposed that stress corrosion cracking of 18-8
type chromium-nickel steels takes place in three stages, which was
demonstrated by following the electrode potentials and the mech-
anical propserties of steel specimens during the stress corrosion
process, There was observed an induction period of corrosion
damage, not greatly influenced by the presence of applied stress
or by its value, followed by a stage of initiation of cracks at
points on the bared metal surface, then the propagation of these
cracks in a direction roughly perpendicular to the greatest ro-
solved tensile stress,

The induction period is proposed to include a period of
oxide film repair and may also include a period of film break-
down and pitting corrosion. In 42% magnesium chloride solutions
boiling at 154 degrees C,, the induction period was found to be
of the order of 20 to 200 minutes for softeoned 18-8 steels stressed

to 40,000 pounds per square inch. The induction was shortened



~16~

slightly by the apnlication of higher strescses, and lengthened
greatly at lowest applied stresses. It was found to be consid-
erably shortencd by an increase in temperature over the range
from 135 degrees C. to 155 degrees C. It may be shortencd to
only & few seconds by acidification of the corrosive nedium with
0.2% bydroflouric acid, which removes the initial oxide film.
The induction period was indefinitely lengthencd by the appli-

cation of cathodic protectione
It has been popular among investigztors to describe the

initiation of = crack to the precsence of a Qorﬂosion pit that
acts as a stress raiser, such that the stress at the base of the
pit exceeds the fracture stress of the material. Results obw

(9)

tained by Hoar and Hines appear to support this view, dbut
other considerations do nots. Leu and Helle(l?) have found that
not a1l aqueous chloride solutions give rise to stress corrosion
to the same extent., Stainless steels were found to be resistunt
to goncral corrosion in magnesium chloride, calcium chloride,
and zinc chloride, but in the presence of a tensile stress, stress
corrosion cracking led to rapid foilure. In solutions where
pitting was normally observed, (scgiun chloride, potassium chlo-
ride, and ammonium chloride) thc phenomenon of cracking was oOb—
gscrved only after very long times. In solutions causing very
heavy genoral corrosion, (chromium chloride, ferric chloride,

and mercuric chloride) no stress corrosion cracks were observed

even after very long times. It is known, furthermore, that the



addition of oxidizing compounds to chlaride solutions promote

this type of attack. Passivating films thus are of utmost imp=
ortance in the stress corrosion problem,

A generalized theory of the mechanism wns proposed by Logan(za)
that involved the rupture of the protective film. Corrosion was
postulated to occur by an electrochenical mechaniem along localized
paths that were anodic to the surrounding metal, Stress concentra-
tions would be built up a2t the bases of these locally coarroded areas,
the deeper the zttack and the amaller the radius of curvature at

the base of the crack, the greater would be the stress concentration.
Such a condition would tend to pull the metal apart at more or less
continuous paths. At sufficient concentrations of stress, the

metal might start to tear apart by mechanical action. The tearing
action would expose fresh metal, unprotected by films, to the

action of the corrosive enviroment., It is seen from this siatew
ment that Mears, Dix, and Brown(23)poatu1ate a mechanism in which
protective films on metal swrfaces are ruptured. Keating(ls) sug~
mested that each advancing section of the crack in time encounters
an obstacle, either a non-metallic inclusion, a lattice discon-
timity, or an unfavorably oriented grain boundary. In each case
the result may be reduction of the stress concentration to a level
2t which stress corrosion cracks will stop. Such a procesa could

be used to explaiﬁ the branching of stress corrosion cracks, sud-
den chanzes in direction =zt grain boundaries, etc.

(22)

Investigztiona by Logan produced data indicating thnt
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vhen stresses are high enough to promot: plustic deformation,
the oxide filnm will be rupturcd and the exposed metcl will be
clectronepaztive with resnect to the filmed wmetsl, These filn
frec areas are very small compared to the filmed nmetal aren,
If these filmed areas aro connccted to the film-free arcas by
a conducting linuid, a chort circuited cell will be set up, the
circuit being completed through the alloy itself., The current
density on these smell anodic areas will be very hipgh, so core
rosion will proceed rapidly until a reduction of atress zllows
the protective film to reforme Corrosion will become more gen-—
eral until the stress concentrztion at the particular psth under
considerotion 2z0in becomes sufficient to rupture the protective
filme If the stresses are readjusted, the film may aguin be
broken and siress corrosion craclding will proceed discontimuously
until foilure. If the £ilm were not 2lternately revaired and
runtured, craclding would be expected to proceed continuously.
Apparcntly, there has besen no reascn ziven to suppose that
when initial corrosion damage is more cxtensive, the streass roice
in~ effect i3 necessarily more pronounced. Exactly the opposite
effect is actunlly experienced; when pits formed By ccerrosion
extend, they ecxtend sideways rather than in depth. The pits
must extend in den»th in order to produce o pronounced ctress
raising effect. Cracking was found to start most guickly and
nost generally wunder the specinl ceonditions of low pH where the

oxide film wos guickly rermoved. lHoar and Hinms(é) state that
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“the probability of crack initiation depends on the amount of
barce metal surface sxposed to the electrolyte by the initial
corrosion reactions", However, a "streas roising” pit nay pos-
sibly form, advance on a very ncrrov front, continuzlly sccele~
rate its owm progress by an incrcase in stress at its advancing
apexy czusing very rapid failure.

It is likely that certzin features of metal surfaces from
atomic considerations are the sites of crack initiation. These
possible sitcs may be vacancies, grain or sub-grain boundaries,
ends of dislocations on the surface of the metal, or strained
parts of the metallic lattice. At these points, znodic dissolu-
tion of +the metal is especizlly rzpidy and the removal of +he
protective film assists mechanical deformation. The exnct nature
of the vpoints on the bare metal surface that are sitea of crack
initiation is still not clear; however, it is certcin that they
are of varyins cffectiveness, The lower applied stress necessary
for crzck initiation when the induction period is longer is read=-
ily explained by the essumption that as corrosion reactions pro-
cecedy points of increasing cffectiveness are exposed and the ef-
fectiveness is increased by hydrogen absorption(QA).

Cracks were found to propagate at the rate of 0.5 to 3,0

(22); this rate is somevwhat increased by

millimeters per hour
small incrcoses in temperature, but is almost independent of the

avplied stress over a wide range. Other investigators have obe
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served comparable rates of crack propagation, which are much too
slow for a purely mechanical parting process, yet much ‘0o rapid
for a purely electrochemical mechanisme It has been suggested by

(18)and Evans(lo)that cracking is an alternate mechanism

Keating
of rapid mechanical and slow electrochemical steps.

This suggestion has merit in that the stress at the advancing
tip of a crack plays an essential part in the cracking processs
if the stress is removed, even after cracking has progressed
some distance, the progress of the crack will be stopped. The
discontinuous nature of the cracking process has been supported
by Eokel(ZS)on the basis of calculations which show an infinite
initial rate of crack propagations Electxrochemical action plays
an equally important rale because it has been shown by Hears,
Brown, and Dix(23)that stress corrosion cracking could be prevented
by cathodic protections If external currents werec applied to the
specimens such that the specimens were the cathodes, the cathodic
areas on the surface of the metal were polarized by means of the
externally applied current to the open circuit potential of the
anode points on the specimen. Consequently, no current would
flow from the anodic to the cathodic areazs which had been polar-
ized, If the mechanism of stress corrosion cracking were purely
electrochemical, then corrosion, and stress corrosion, would be
prevented by the applications of the cathodic ocurrent. Mears,
Brown, and Dix(23)indicated that all metals anodic to stainless

steel by 0,10 volt or more would prevent stress corrosion crack-
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ing. If the metals coupled to the stainless steel were less
than 0,10 volt anodic, the time required for failure was greater
than if the specimen remained unprotected. If metals definitely
cathodic to the stninless steel were coupled to the specimens,
the rate of stress corrosion failure was greatly accelerzted.

The evidence presented to this point indicates a joint
mechanical~clectrochemical mechanism of crack propagation, rather

than an alternato one. Unligt25)

pointed out that the thermody-
namic reactivity of anodic metal can be only very slightly af-
fected by stress or straln ensrgy. It is certain, however, that
the rate of anodic dissolution can be considerably increased by
the presence of stress and strain, as was shown by EVans(lo).

The stress may act to disrupt an otherwise passivating oxide film
on the anodic arcas of the metal,

Hoar and‘Hines(9) have postulated a mechanism of crack
propagation in which film growth proceeds on the fractured sides
of the cracke At the advancing tip of the crack, the stress ap-
plied puts the metal ztoms in an especially favorable state for
easy anodic reaction. If the reaction forms soluble products,
these are mechanically disrupted and prevented from forming a
protective film, As the crack proceeds, more corrosive elect-
rolyte is sucked in continuously to maintain the process., Thus,
the mechanism is one of Joint actions of stress and electrocheme

ical action, raother than alternate actions, The crack, by this

mechanism, would propagate continuously,.
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This Jjoint mechanical-electrochemical mechanism for crack
propagation derives features from many previous models, notably,
the "general theory" of Mears, Brown, and D:i.:c(23 ), the "alternate
mechanism" of Keating(la), the "film rupture thcory" of LOgan(zz),
and the "film breakdown theory" of Leu and Helle(l7).

In industrial practice, the stopping of already present
stress corrosion cracks is of little value. Rather, the cracks
must be prevented from initiating or at lea:t greatly delayed.

The onset of cracking can be delayed by a reduction of applied
stress or a relief of internal stress, but these steps will by no
means prevent crack initiatione In addition, these steps would be
difiicult, at least, to employ industrially becauze values of
‘residual stress and strain in structures are difficult to estinmate;
moreover, this would require an estimate of the degree of strain
hardening which inevitably ocgurs during fabrication., For stain-
less steels, little significance is shown of varying the composition
except in altering the mechanical properties, whichk in turn may
affect the plastic straing sppcific heat treatments which will
eliminate or delay crack initiation are unlikely to be deternined,
On the other hand, means of reducing the corrosion damage, parit—
icularly cathodic protection, offer some promise in the alleviation

of the stress corrosion cracking problem.
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EXPERIMENTAL PROCEDURE

Ae Selection of Materiol

All specimens used in this imvestigation were AISI tyve
304 stazinlecss steel, supplied by the United States Stcel Core
porations The steel was received in sheets of 0,0625 inch thick=-

ness, having the following heat analysiss

Chromiume————18 , 70% C OPPO P 0 18%
¥ickel 9.40% Carb Onmm——mmeee0 s 050%
Mangane so—w———1,59% Phospher oug—e—0,030%
S111 ¢ om0  56% SUL L UP a0 , 025%
Molybde il , 36% T2 Ot B 1 211G €

This particular alloy wes chosgen for this investigztion
because it is susceptible to siress corrosion crecking, and cracke
ing occure in 2 relatively short time when exposed to boiling
concentrited magnesium chloride solutionse Provious invectigae
tions that had rovenled eonsidersble scatter in result- with
different b:tches of mognesium clloride zlso employed this srade

of _uoterdtic stoinlecss steel,

B, Prepuration of Speeimens
A11 specinens used in this investisntion were sheared from
the sane sheet in order to eliminate changes in crack nuecleztion

time and crock prepazetion rate coused by composition chengese



24—

The sheet stock was sheared into strips 5.0 inches in length and
0625 inches in widthe The strips were thon milled with a2 rotary
cutter in order to obtain a final width of 0.50 inch. A hole
0.172 inch in diameter was then drilled 0.50 inch from cach end
of the specimen. Immediately before cxposure to the corrosive
medium, cach specimen was foarmed around a one inch diameter brass
nmandrel in such a way that the inside diameter of the curved part
of the specimen conformed to the mandrel, forming the standard
"u-bend" specimen. A stainlesa steel screw inserted through the
holee meintained the stress in the curved portion of the specimen
by holding the ends together at a distance of one inche. Each spec-

imen was then rinsed in denzene and in distilled water, then dried.

C. Doescription of Apparatus

All specimens used in this investigation were exposed to
the corrosive enviromment by means of a flask cquipped with a
reflux condenser. The reflux condenser permitied convenient
boiling of the corrosive medium at atmospheric pressure with no
sensible change in the boiling temperature or composition of the
solution throughout the duration of each testes A laboaratory hot

plate was used as the source of heat.

De Corrosive Environment

Of the many known corrosive media that will cause stress

corrosion cracking of asustenitic steinless stecls, magnesium chlow
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ride solutions werec chosen because they produce crackins in a
reascnubly s ort time and do not oproduce sprrecicble surface cor-
rosion or »ittinge These scluticns zlso remuin stodble throushout
the duration of the testa,

Previous investigotions invelving siress corrosion crocking
of ty»ve 304 stainless steel utilized agueous sclutions of teche
nical grade magnesium chlorides. Considerable differcnce in crack
nucleation times and cr-ck prepagation rates were experienced vhen
solutions of different lots of technienl srade nmagnesium chloride
were employcde

Uhlig and White(24) have reported that a difference in crock-
in> time was experienced when a iven alloy wes exposed to diff-
erent batches of chemically pure magnesium chloride. Uhliz and
Lincoln(ll) reported that batches of onalytical srode mognesium
chloride from different suppliers performed differently.

In order to investigate the effects of impurities commonly
found in technical grade magnesiun chloride, chemiczally pure
nagmesium chloride having the following chemical analysis was

used in this investizntion with impurity conmpounds intentizlly

added in the amount of three weight per cent,

Fe -0,00005% SO A 0« 0002%
¥n 0.,00001% Ca —0,010%
Insoluble Matter—0.004% K 0,005%
§o, Trace Na 0,005%
PO 0.0001% Sr 0,005%

4
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Five hundred zrams of chemically pure MgCle'éﬁzo crystals
were mceltcd and dissolved in the water of crystallization. Dee
mineralized and distilled water was added throuzi the reflux cone
denser to lower the boiling point of the solution to 15400. By
controlling the boiling peint of the solution at atmospheric prese
sure, the compomiticn of the solution wag conirolleds At stondard
atmospheric pressure, a 42 per cent by weight sclution bcils at
154°b. After the temperature reached equilibriunm, the specimens
were submerged in the solution for a predeiermined length of time,

The analysis of ceveral lots of technical grade magnesiunm
chloride rcvecaled that the anions present in the sreatest quane
tities were thec sulfates, nitrotesy and phosphatese The calcium
cotion was found in 21l lobs exomined to be present in an anount
far exceeding all other cationse In order to introduce these
impurities 4o the magnesium chloride solutions, the compounds
magnesium sulfate, magnosium nitrate, ond calcium chloride were
added in the anount of three weight per cent to the boiling E-{gCI2
solutions The boiling point wes readjusted to 154°b. after ecch

additione
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RESULTS

Data were accumulated to determine the effect on stress cor-
rosion cracking of several impurities commonly found in technical
grade magnesiunm chlorides The crack depth measurements are tabu-
lated in Tables I through IV and are represented graphically in
Figures 1 through 4. In these figures, it will be noted that a
straight line relationship exists between the maximum crack depth
and the logarithm of the exposure time, These straight lines have
been expressed in terms of empirdical equations containing two con-
stants, one of which is the time required for cracks to nucleate;
the other is a function of the rate at whioch the nucleated cracks
propagate. The best fitting lines of Figures 1 through 4 were
determined by the method of least squarca.

Figure 5 is a photomicrograph of the AISI 304 stainless
stoel, as recelved, before bending, and represents the general
structure representative of the material used in these tests,
Figure 6 is a photomicrograph of a portion of the material after
exposure to the bolling magnesium chloride solution. The stress
corrosion crack can be seen to follow a transgranular path, revert
to an intergramular path for a short distance, then return to a
transgranular path. Although all cracks did not traverse an inter-
gramilar path, many did, indicating that stress carrosion cracks

in this grade stainless steel can be either intergranular or

{transgranular.
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From Figures 1 through 4, 4t can be seen that there exists
some scatter in the data. Thero are several factors to which
this scatter may be attributed, the two most important being the
non~uniformity of bending and the inherent differences in sur-—
face and internzl structures between individual specimens. 7The
forming of the U-~bend specimen necessitates considerzble plastic
defofﬁétion, which far exceeds the yield strength of the z2lloy.
The exterior surface of the specimen is held in a tensile stress,
while the interior surface is held in compression. The siress
distribution of this shape speocimen is complex, however, it is
known that the stress is tensile on one face, is zeroc near the
center of the specimen, and becomes mare compressive throughout
the remainder. As the siress corrosion cracks propagate, they
impart a stress relieving action, which constantly changes the
already complex stress distribution in the specimen. Because
of this complexity, there is no woy the stress existing in a
spccimen can be measured quantitatively.

Other factors that would have an effect on the reproduci~
bility of results are the accurscy of temperature control, the
degree of work hardening, the nature and thickness of surface
films present, and the presence or absence of inclusions in the
materizle Some of these variables could be avoided if it were
not necessary to use a ffesh quantity of magnesium chloride so=
lution and o new specimen for each test, A continuation of the

cracking process would not be expected for measured specimens



re-immersed in the same corrosive medium because the cracking
process will have been interrupted.

Data presented show the susceptibility of AISI 304 to stress
carrosion cracking in bolling 42% magnesium chloride solutions, and

show the effects of some commonly found impurities on the time to

crack nucleation and the rate of crack propogation.
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DISCUSSION OF RESULTS

It is evident from Figures 1 through 4 and the data pre~
sented in this thesis that the compounds intentionally added to
boiling 42% magnesium chloride solutions have an appreciable ef-
fect on the time to nucleation and the rate of propagation of
stress corrosion cracks in AISI 304 stainless steel,

The maximum crack depths are certainly a reliable measure
of the susceptibility to stress corrcsion cracking, and are zlso
the moast important, for these cracks of maximum depth are certain
t0 be those to cause failure, The time to nucleation of the deep-
est orack is represented by the extrapolation of the maximum crack
depth curve to the time absclssa.

The cracks of maximum depth may not necessarily be the very
first to mucleate, although they are among the first., Their rates
of propagation, however, are faster, a necessary condition for
naximum depth at any time after nucleation, The propagation rates
will be faster if the cracks follow high energy paths throuéh the
specimen, called "orack semsitive paths"(23),

The cracks of greatest interest are those causing the earliest
failure. Often these cracks are referred to as "runaway dracks"
because their propagation causes stress relief at the roots of

other cracks and consequently they cease to grow. The runaway

crack then continues to propagate until failure of the allay
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occurs.

It can be seen in Table V that the time required for mucle
eation of cracks in 42% certified grade magnesium chloride is con~
siderably longer than that experienced in previous investigations
using the technical grade. This difference is undoubtedly caused
by the absence or very low concentrations of certain impurity ions
in the certified grade that are commonly found in the technical
grade. The analyses of several batches of certified grade mage
nesium chloride showed the impurity anions in the greatest quan-
tities to be the nitrates, sulfates, and phosphates; the cation
in the greatect amount was found to be calcium. The effect of the
phosphate radical was not investigated beczuse the solubility
limit of magnesium phosphate is very low, hence, its concentration
would not be comparable with that of other compounds. The com-
pounds used in this investigation were magnesium nitrate, calcium
chloride, and magnesium sulfate.

Comparison of Figures 1 through 4 reveals that the addition
of these compounds causes an acceleration of stress corrosion
cracking. It can be seen in Figure 2 that the magnesium nitrate
addition causes a shorter time to0 crack nucleation, as do the
calcium chloride and magnesiun sulfate additions. It was stated
by Phillips and Singley(27) that nitrates appear to be satisfactory
inhibitors for chloride stress corrosion in hoiler applications.
These tests, houever, employed type 347 stainless steel znd a

corrosive medium of alkaline-phosphate boiler water containing



either 50 or 500 parts per million of chloride. The same inhibe
iting effect may not be experiensed in lue utilization of other
corrcaive medla or other grades of stainless steels. It is feage
ible that the zccelerating effect obscrved in this investigation
is attributed either to the donation of oxygen ions through the
breakdown of the nitrate radicals into nitrite, or a decrease

in the pH of the corrosive mediume

The cz2lcium chloride addition wans expected to reduce the
tine to nucleation, as was experienced; the results are shown
in Pigure 3. This effect is very likely =z result of the in-
crezged chloride content, but may possibly be a result of =
change in pH caused by the calcium cation,

The magnesium sulfate addition to the magnesium chloride
gsolution produced an accelerated stress ccrrosion attack on the
stainless steel, /Although the sulfate radiczl is fairly stable,
gome oxygen ions may have been donated through the breakdown of
the sulfate radical into a sulfite radiczle It is entirely pos-
sible that the addition of these compounds lowers the pH of the
corrosive medium, causing a more readily removed oxide film, an
increased operating electromotive force of the metal electrode=~
hydrogen electrode cells, in addition to increasinz the conduc-
tivity of the electrolyte. An increase in the conductivity of
the electrolyte would create an increased ratc of propagation
of nucleated cracks. The time for erack nucleation included the

period reauired for the npecimens to reach thermal equilibrium
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after immersion in the corrosive media. This time was practically
the same for all sclutions used, so any effect on the time to
nucleation would be smalle

It was not determined in this investigation if the addition
of these compounds resulted in an overzll change in pH of the
corrogive mediz., The compounds used were selected on the basis
that they introduced no new ions to the corrosive media other
than those under investigation. However, it is possible that
the pH was lowered or raised, which would respectively decrease
or increase the time to crack nucleations

The data presented in this thesis tend to confirm the post—
ulate of Higgins(zs) that a linear relationship exists between
the maximum crack depth and the logarithm of the exposure time,
This linear relationship ocan be expressed empirically by the

equations
D
Log t = /h + Log C (1)

where t is the time of exposure, D is the depth of the deepest
oracky and C and M are constants expressing the $time to crack
nucleztion and a function of the rate of crack propagation, re~
spectively. The constant C can be evaluated by extrapolation
to the time abscissa of the magimum crack depth versus log ex—

posure time curves

For the linear relationship, Solanky 2d) ctated that the



empirical equations
Logt = & + bD (2)

produces more gcourate results, When the maximum crack depth D
is plotted against the logarithm of the exposure time t, the con=-
stant a represents the time to orack mucleation, as does the con-
stant ¢ in equation 1, The constant b is physically the slope of
the curve, and corresponds to the constant M in equation 1,

Rearrangement of equation 2 yieldss

D'l tb"B (3)

Differentiation of this equation with respect to time produces an

expression for the rate of crack propagations

- 0’
L - oefa4d (4)

A similar expression can be obtained from differentiation of equa-

tion 1 to yield:

4D = 0.4343 X
2 : (5)

It oan be seen from equetions (4) and (5) that the rate of
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crack propagation decreases as the exposure time t increases.
Many investigators attribute this solely to the relief of siress
ag cracks propagate.

The question arises as to whether this decrease in crack
propagation rate is actually produced from a decrease in meche
anical action only, a decrezse in electrochemical action only,
or from a simultaneous decrezse in each, In order to deternmine
this, it must first be determined exactly what phenomenon fixes
the rate of propagation. If a continuocus process of crack prop=
agation is assumed, then the rate of crack propagation must be
determined by some combined sffect of electrochemical and mechanical
vhenomena. ©On the other hand, 1f a discontinuous process of crzck
propagation is assumed, the crack propagafion rate may be deter—
mined by several factors. If cracking in a discontinuous process
is assumed to occur by the mechanical "bursting”" of small embrittled
areas, the propagation rate may depend upon the size of these
embrittled areas, the number of embrittled areas, or the freouency
of the mechanical "bursts"” from one brittle area to the next.
Also, the rate of formation of the embrittled areas may be the
rate controlliing factore

The results tabulated in Table V of this thesis indicate that
the rate of crack propagation is decreased by the addition of
certain impurity compoundse. This is an indication that a change
in composition of the corrosive medium is responsible for a change

in the rate of crack propagation, which could result only in a
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decrease in the rate of electrochemical attack or in a decrease in
the rate at which embrittlement occurs. It seems unlikely that the
addition of other ions could result in embrittled areas of smaller
dimensions or a change in the number of these areas. However, it
does scem possibie for these ions to affect the rate of fracture,

or the frequency of "bursis", by & change in electrochemical zctivity
either through on increcse in the conductivity of the corrosive
medium or through a decrease in its ple.

Data tabulated in Table V indicate that the constant M, 2
Tunction of the rate of crack propagation, varies widely for the
sume alloy exposed to corrosive media of slightly different comp—
ogitions. It can be seen that the propagation rate is consideradbly
lower in tests where technical grade wmagnesium chloride solutions
were used as the corrosive medias. This can be attributed to the
differences in composition only, as the technical grade magnesium
chloride contains a higher level of impurities than does the

certified grade used in this investigation.



SUIMARY AND CONCLUSICES

Experinents have been performed to determine the effects of

several impurity ions in boiling magnesium chloride solutions upon

the time to crack nmucleation and the rate of erack propagation in

AISI 304 stainloss steel. From the experiments performed utilizing

standzrd U-bend specimens, the following conclusions may be drawns:

1.

2.

3.

4e

The straight lino rclationship between maximum crack
dewth and logarithm of exposure time, as postulated
by Higgins(es), wans found to be applicable to speci-
meng exposed to certified prade magnesium chloride
gsoluticns as well as those solutions to which had

been added inpurity compounds,

Cracking can be either intergranular or transgrenular,
indicating that cracks follow "crack sensitive paths"

throush the allay.
The addition of magnesium nitrate to 2 magnesium ehlo-
ride solution decreases the time +to crack nuclention

but also decreases the rate of orack propagation,

The addition of calcium chloride to 2 magnesium chlo-



Se

6o

Te

8e
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ride sclution decreases the time to crack macleation

but also decreases the rate of crack propagation.

The addition of magnesium sulfate tc a magnesium chlo-
ride solution decreascs the time to crock nucleation,

but also decreases the rate of crack propagation.

The rate of erack progagation decreases with increasing
exposure time. The exact mechanism of stress corrosion
cracking must be determined before this phenomenon

can be explained completely.

It is necessary to control the composition of the core
rosive medium, particularly with regard to impurity

content, in order to expect reproducable results.

The continuation of experimentation is necessary in
order to deternmine the effect of the impurity additions

on the pH of the corrosive media.
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TABLE I

Stress Corrosion Cracking of AISI 304
Stainless Steel Exposed to Boiling 42%
Certified Grade Magnesium Chloride

Time of Exposure Maximum Crack Depth
(Mimutes) (Microns)
135 1448
100 1182
60 683
30 367
45 485
60 527
60 112
45 474
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TABLE II

Stress Corrosion Cracking of AISI 304 Stainleas Steel
Exposed to Boiling 42% Certified Orade Magnesium Chloride
to which has been added 3% Magnesium Nitrate

Specimen Time of Exposure Haximum Crack Depth
No. (Minutes) (Microns)
N9 60 796
M10 75 989
Ml 15 1060
M2 30 480
M3 45 702
M2 45 640
s 30 410
M6 30 378
a7 40 570
Mms 25 260

a9 20 120
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TABLE IXX

Stress Corrosion Cracking of AISI 304 Stcoinless Steel
Exposed to Boiling 42% Certified Grade Magnesium Chloride
to which has been added 3% Calcium Chloride

Specimen Time of Exposure Maximum Crack Depth
No. (Minutes) (Microns)
M20 20 306
N2l 30 845
N22 37 1020
M23 37 960
M24 60 1325
M25 75 1260

M26 45 1120
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TABLE IV

Stress Corrosion Cracking of AISI 304 Stzinless Steel
Bxposed to Boiling 42% Certified Grade Magnesium Chloride
to which has been added 3% Magnesium Sulfate

Specimen Time of Exposure Maximum Crack Depth
Fo. (Minutes) (Microns)
M27 30 438
M28 45 1020
%29 60 928
M30 15 1040
M31 100 115%

M32 135 1389
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TABLE V

Evaluvation of Constants C and ¥

Corrosive microns
Environment M (We) ¢ (minutes)
42% MeCl, 1780 23.33
42% MgClz 1640 17.43
o
424 HeCl, 1571 9467
+ 3% ('}aC].2
424 MgCl, 1261 10,72
+ 3% HgSO4
42% Technical Grade 962 Se4
HgClz; Previous
I : (28)
nvestigation, diggins,
TheSiS, VPI’ 1959
42% Technical Grade 8173 3.4
Mg(312; Previous
Investi i (30)
gation, Andersoh,
Thesis, VPI, 1960
42% Technical Grade 738 2.3

MgCl,3 Present

2t gati (31)
Investigation, Greene,
Thesis, VPI, 1962
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ﬁgure 5.9

w53

AIST 304 Stainless Steel
As-Receiveds Eiched in
Chromic Acid. 500X



Figure 6.

Transgranular Stress Corrosion Crack
Characteristic of AISI 304 Exposed to
Boiling HMagnesium Chloridet Etched in

Chromic Aeids 500K



ABSTRACT

The influence of impurities in magnesium chloride upon the
rate of attack of stress corrosion cracking in AISI 304 stainless
steel has been investigated. Previous investigations in this
laboratory indicated that different batches of technical grade
magnesium chloride produced poor reproduceability of results.
These inconsistencies were attributed to the presence of varying
amounts of impurities which are commonly found in technical grade
magnesium chloride.

In this investigation, certified grade magnesium chloride
wzs used with impurities intentionally added in order to deter-
mine how each affected the constants M and C in the following
ecuation, which relates the maximum crack depth Dy to the time

of exposure to the corrosive medium, t1
D
logt = /M + logC

The constant € represents the time of exposure to the corrosive
media to mucleate cracking, and M is a function of the rate at
which cracks propagate.

It was determined that the impurity ions most commonly found
in magnesium chloride were nitrate, sulfate, and calcium. A sig-
nificant difference in the constants ¥ and ¥ was found to exist

with the presence of each impurity. It was not determined, how-



every if 2 change in plH resulted from the addition of the impurity
compounds, Hence, a further study is recuired in order to deter-

mine the pH of the corrosive media and the cffects of its changes.
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