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Film-Rupture Mechanism of Stress Corrosion
Hugh L. Logan

The atmespherieally formed protective filma were removed by abrasion in an Argon
atmosphare from aurfaced of ap alumioum alley, two hrasses, o magneeivrn aloy, and low-

rarbon and siaioless slesls,

The resulting surfices were 0,12 (0 0,76 volt more negative with

respionk ta 4 palomel electrode than surfaces prapared and measured under normal atmeapharic
conditiona, Appraciable changes in alactrocheinleal aolution poten tale of notehed apacinans,
atregsed in fenslen, oectrred at or just ebove eiresser Bt which the trie stress—true strain

curves devisted from the moduhrs iines,

Thesa changes in potential were caused by mptoering

of the protegtive Glms st the roots of the notehas and wers of the erder of .16 o 0,70 valt
at fallure, depending on the material. Stresa corrosion s postulated to oecur In corrosive
media, a8t stresaes sufficlent to Tupture the protective film, by electrolytic aetion between

the Slmead (pathodio! aAnd flm-fres (aoodic) sreas,

1. Introduction

Strese-corrosion eracking has been defined as the
“spontanecus failuro of metal by cracking under the
combined action of eorrosion and stress, residual or
apphed” [1]} Service failures have frequently re-
sulted from residunl stresses zot, up in the materinl or
gtructure during fabrication. £Ba BiTesdes TAY
result from the spinning or desp drawing of sheet
brass, the wurk-hmden;'.:ﬁ of aluminum-alloy tubing,
the pressing of oversized bushings into aluminum-
alloy Attingz, the riveting or welding of steel strue~
turea, or even as the resuit of the application of
excesgive torques-in the sssembling o bmaa-pigu
structures [2]. Stress-corrosion cra.cklﬁf; may b
cither intercrystalline, a8 in aluminum alloys, alpha
brass, and low-glloy steele, or transcrystaliing, as is
usually the case in maignesium-bn.ae alloys and the
austenitic stainlose staels. -

It is od hy most workers in the field that some
degree of stress-corrosion cracking can be produced
in many alloys and commercially pure metals by the

roper combinstions of stresses and eorrosive media.

he ASTM-ATMME Symposium on Stress-Corro-
sion Cracking of Metals [3], published in 1944, gives
an excellent summary of work in the field to that
date. A number of papers have also appeared in
recent years [4 to B, 10] that contain excellent
bitographies. For the most part, the data in the
literature are from investigations of the velative
ausceptibilities of warious materiale to stress-cor-
rosion ¢racking, susceptibilities of particular materi-
sls to siress corrosion in apecific corrosive media, or
suseeptibilities of particular materials to  stress
corrogion  after warious ‘mechanical or thermal
treatinente,

Tha purpose of this investigation was to study the
mechanism of atress corrosion and not to determine
the relative susr:e]:ﬁ;ibi]itics of various meterials to
stress corrosion.  Recently the various theories of
the mechanism of stress corrosion were summarized
by Harwood F[l'lill]. Of these theorica the “Generel-
1zed theory of stress corrosion™ proposed by Mears,
Brown, and Dix [11], the “Mechanical theory” of

' Figuret In bimekets dients thé like's e refizahoed ik the mod of this caper

Keating [5], and the “Fim ru?t.ura theory™, or better,
“Film rupture mechgnism,” are pertinent io the
present paper. It is considerad in this paper that
the “Film rupiure mechanism’ and the “Mechanical
theory™ ara logicsl parts of the Generalized theory.

In the Generalized theory, corrosion is postulated
tr oceur by an electrochemical mechanism aloog
localized paths that are anodic to the surrounding
matal. ere will be strees concentrations st the
bases of localized corroded arens; the deeper the
atteck and . . . “the amaller the radive st the base
of the path tho greator would be the stress concentra-
tion. Such a condition weuld act to pull the metal
apart along more or less continuous paths. At suf-
ficient concentrations of stress, the metal mipht start
to tear apart by mechanical action , . . the tesrn
action deseribed above would expose fresh metal,
unprotected by filme, to the sction of the corresivae
environment, Becguse this freshly expozed metal
is more anodic, an increase in current from the base
of the loealized path te the unaffectad surface would
be expected . . 7. Tt is seen from this quotation
that Maars and his coworkers [11] postulete & mech-
anism in which protective filma on metal surfaces are
ruptured. Keating (5] suggested that each advanc-
ing secticn of the crack in tine encounters an obstacie
in the form of s nonmotallie inclusion, lattice dis-
sontinuity, or unfavorahly orisntated prain boundary.
In each case, the result may be reduvetion in the stress-
concentration effect to & level at which cracking
cannot proceed. Such & process would explain
branching of stresa-corrosion cracks, sudden changes
in direction st grain boundaries, ete. Gilbert and
Hadan [12] report the results of an investigation on
an aluminura alloy containing 7 percent of mag-
nesiurm in which they found that the caclang process
wasd not continzous but stepwize,

There are faw published data from which the elec-
trochemiesl solution potential of the freshly torn
metol at the root of the erack can be gstimated.
Work at the National Buresu of Standards as early
ss 1940.ehowed that the solution potential of freshly
gquenched or {teskly sbraded 245-T alwnioum-alloy
sheet was moch more electronegative {anodic) than
that of the same material permitted to stand for




soma minutes bafore measurements were made [13].
Similar results were recently obteined at the Buresu
on 18-percent-Cr—R-percent-Ni austenitic stainless
steals. Mesrs and Brown [14] report a solution po-
tential greater than —3.0 v for commercially pure
aluminum from which the film was removed by
scratching the surface with a glase atyles in the
electrolyte. Druet and Jacquet [15] report velues
of —0.75 ¥ for mechanically polished specimens con-
taining 9.9 percent of aluminum {preaumably with
# protective intagt) and —1 384 v for the same
matarial with mensurements made immediately sfter
elactrolytic polishing.

The anther is not aware of any data Fivin the
magnitude of changes in solution potential producad
by rupture of protective films on the metals or elloys

t are partioularly suseeptible 10 etress corrosion,
Such data are necessary to establish the validity of
the ao—called film ruptura process in the generalized
theory of etress corromion, In the early phases of
the investigation of the mechani=m of stress ecorrosion,
the following have been determined and are reporied
in thia papet: {a{ the electrochemical solution poten-
tinls of several alloys free from the protective coffects
of films,* and (h} relationships hetween the applied
gtreeses and the electrochemieal solution potentials
of theee alloys, -

2. Materials and Methodz of Test

The materiale used in this investigation were 245

cartridge brass, 61-percent-Cu-38-percent-Zn—3-per-
cent-Pb leaded brass, AZ31{ magnesium alloy, low-
carbon siee]l, and type 302 stainless steel. The
chemical compaositions are given in table 1. The
aluminum alloy, the leaded brass, and the steels
ware obtained commercially. The esium alloy
was suppliad by tha Dow Chemical Co., and the
cartridge brase wae made in the Bureau's Experi-
mental Foundry irom electrolytic copper and 99.09-
percent zing.  Prior to machining of the epecimens,
the materials wers heat treated ae follows: (a) The
aluminum-alloy steck was =oluiion heat-treated at
920°+10° F, and quenched in water at approxi-
mately 70° F, (b} the cartridge brass was rofled to &
diameter of about 082 in. and then annealed for 1°
hour at 1,660° F, after which the Brinell hardness
number wes 6G and the grain size approximately
0,025 mm, (¢) the low-carbon stesl, origmalLy in the
cold-rolled condition, was heated to 1,626° F and
cooled with the furnsce, (d) the stainlesa etecl was
hented to 1,950° F and quenched in cold water. The
magnesium &lloy, in the form of an extruded rod
4 in. in diameter, and the leaded-brass rod, ¥ in.
in dinmeter, were used as received. The magnesiom
alloy evidently had besn extruded at a asufliciently
ht.'iﬁh temperature that the metal had recrystallized
following extrusion. The leaded brass had a Brinell
bardness number of 113 and a
0.025 mm. The tensile properties, ss determined on
gubsize (0.355-in. diameter ASTM round tensile
specimens, are given in table 2.

grn.in gize of 0.015 to

T4 aluminmn alloy, 70-pereent-Cu-30-percent-Zn “w-lfﬂ_ﬂﬂbt'hﬁ protective ﬁhudnn 245-T4 _almtpinum
—_— siloy iz broken in air, it tends to repair iteelf quite
mat 3 recoghized that eentact ofan alacirolyte, at leact with theshumbrom 993 | rapidly. Therefore, specimens were prepared by
Tapie |. Chemicol compoatiion of mefale saed
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Tasre 2. Meshonical properties of metaiy woed
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sbrading them with 400 aloxite" metallographie
polishing paper, and all measurements were made in
ah argon atmosphers? in & dry box. In making
mensuretnents, drepe of the desired electrolyte were

1 Ao analyals of the 3egum bY the mea spectrograyih mckhsd shiowed 0.2 pereant
of 553 ae the only detectnble [mparity.

placed on the prepared surface and brought into
electric é:cﬁléu.lct mPll;:ﬁrﬁa cnlm:?el e]ectmdﬁg bﬂf dﬂm
saturate type by means of an apar-agar bridge,
Potentizl measuremeants wete made wgllzh s pH meter,
or Tor values in excess of 1.3 v, with the pH meter in
series with a L&N type K potentiometer.

It was recogmized that the preparation of the apeei-
men surfaces by abrasion left the surfaces to he
measurad in the cold-worked econdition and might
produce phase changes in the stainless steel. In
some earlier work at the Bureay the author reduced
the thickness of some 245-T4 aliminum-alloy sheat
approximately 5 percent without appreciable chang-
ing its solution potential. Druet and Jacquet [15]
showed thet severely cold-worked high-purity alumi-
num wag only about 0.04 ¥ more negutive than the
atnealed material. The author has zeen no data on
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the elfect of eold-work on the solution potentials of
other moterinls studied noy no the effect of w phase
elhnnge on the=cluation potentinl of the stainkess sied]

Stress-eloctrochemicnl solution potetitinl relation-
ships were obtamed on notehed specimons made in
unu_mintm- with the deowing in figure 1. The
'{jr[‘l'"l”'lt“ wWere :n\lru] nxceH for the threasded
emids, with two donls u[l Ivptal ved snamel.  Aler
e omwmed bod deted it was cut theough by menns of
a ruzor blade so as to expose an oxtremely narrow
width of metal around the specimen ut the root of
the noteh.  The specimens wire pliced in cells in a
tensile-testing machine, figure 2, with a calomel
electrode plaeed direetly e the ecll i potassium
chiloride was wsed as the cloctrolvie or In o beaker
eonnectod to the eall |l].' A7 AENr-agar |ii’"j||[_{1' i some
othor electrolvie was . sl The apecimens  werd
atressod to failurs in the corroding solution, and the
electrochemical solution potentials that corresponded
Vi Efi"""'-“ londs wore determine]  esither with o pH
meter sod as o voounm-tube voltmeter or o Miller
multimeter (used ns a high-resistance potentiomoter)
The free eross-head speed of the testing machine wis
hold betwien (105 soud 000 womine  In order 1o
obtpin true stress—true strnin and load-true giress
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relationships, three or more additional notched
specimens of each materinl were broken i the
uncorroded condition.'  True stress-clectrochemical
solution potentinl relationships were then obitained
by ecombining load-trup atress and  load-elsetro-
chemical solution potential data.

3. Resulis and Discussion
3.1. Electrochemical Solution Potentials of the Melals

The iiiﬁ'l'rt'*nt L‘|1'rlﬁ'rlﬁ'h'!-'l- nsed and rlu- 4'I|,~r,'=tru-
chiemicsl solution potentiils of the varios materials,
dletermined 1o air nod I prgon, are riven io able 1
AN values are in terms of o enlomel olegtrode of the
S b Ll Hl'l tvpe and were determingd ot applox-
imately 257 O, The values reported for atmosphier-
ically formed filmed surfaces were equilibrivm valoes
nbtained by immersion of the prepared surfaces in
their specifie electrolyvtes; the values reportod for the
Spoe ITens Flll"l'lrl.l'll] m Argon. were instanfanoons
nnd nol necessarly  cguilibriom values
These values are given nsmoch as thoy ropresent
the econditions under which changes in clectro-
chiemical solution potential values reported inow
fater section of this paper werd obtoine

I'l'.-. NLEE 3 .F'.rl'r'rrrm'-llrr-nerr'u.l' walwly o |'||.l|'|'nn|||'n
cilomeed ofdeteads of padurated KCT bene) af
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AR |||||ri||-IU'|| iy | 5 NaCi 2 KaOroa.. 1B f= 1 Nh |
Lot st Ty i AT M) by =L T
Ty pu 3T almbialies wiaxl Lo BT TR | BR =T

The dite mdicate that, under normal atmosphoric
conditions; protective films are formed on the surfwess
of these alloys. These filmed materials are in some
Gises e el as .76 ¢ more eledtropositive than the
same muterinls with surfnees prepared tnder argon.,
Thoe largest, differences in potentisl sre found on the
wliminimn alloy, the brasses, and the stadnless steel,
wl of which pre relatively cormosion-reststont mnte-
rinls,  Those materials that corrode more readily,
a'.ur'h HTES |111.l.'-1~4|.|'||n11 ~ih~|'| .'Lr|.|| thie IIIn;.'_:sll'-H'iIJ:Iu ::"u:.'_
bnd  wery mueh smoller  differonces o potentiol
hetwoen flmed and anfibmed surfaees.

In order 1o determing whether the differenes in
anlution potential of tho cartridee bross was duo to
the forneation of an oxide film or to some other eause,

the [ql]]ll'nlnilj.}_' investimition was carried oot A

# 1 L weds ol |||:'|||'|| spilimonel; of oodirss, ke pires oo fnktios . of

sl ebid proin [0ede st W oo of Rienodeh, Tl oenivperm: seooss il

Foie will Thiie nobolt s on [ et i Ey of U permairy of Use apoci meie, 1808 nis
i

W Ly Tisd wiesss. ATThoosgdy fhe H il Ao nofelios i wire sl Gengimosd
Flely 0oind Tn.), Ehay s=re npyvert W Tirge eccjapieredd to e 0L b rosibe ol
wirmsseneriabin conros 10 smminy milorine.
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specimen was placed in the dry box, and a surface
was prepared ahd messured under argosn. Ap-
proximataly 20 percent of the n was then
replaced by oxygen, and additional measure-
MEnis were e oo the same gorface. The experi-
ment was repeated with wet o . wet carbon
dioxide, and dry ammonia gas. 'The results are
given in tahle 4,

TubLE 4.  Eleclrachemical aolution polentiols of 70 5-Cu-200-
En broga widh surfaces prepared tn on arges oisorphere ond
mengurementa mads tn ¢ mized almogphere - - -

Ekcizalybe was 57 W HOH-HE (T 0D

Elegtrochrmical
walutiom

It will be noted thet in every case the solution
potential was more positive after the addition of
the second gas, the change being most marked in the
coaza of oxygen, either or wet. In the mtmos-
phere contsining smmonia, the surface of the alloy
adjacent to drops of liguid used in making the meas-
urementa becume tarnmished: its final potentisl was
— (.31 v compared to —0,47 v for brass measuraed in
air. Measurements made on the surfaces of brass
sgecim&ns covered with & blue corrosion product
after axposure to an atmosphere contaming ammonia,
carhon diexide, air, and water vapor wern (.75 ¥ more
ﬂit:mpﬂa»itive thaen film-free surfaces of the same

.

2.2, Streas-Electrochemical snluﬁon Potential
Eelaticnships

The relaticnships hetween the true stresses and
electrochemical solution potentials of the materials
are shown in ez 3 to 8. The maximum welucs
of the potentials were usually obtained just at the
failure of the specimeon a8 the result of the exposure
of lazge arens of vnfilmed material. These velues
are of course not shown on the figures bl are given
in table 5. In any measurement of electrochernical
solulion potentiala the measured potentzals are

Tagre b Maoxtmum tn elecirochemical solution polen-
finl wiih sireas,

etk osnal
abect -
Matarial Blecirolyte Lzl 3odnthom
patoateal
1t
HE-T4 slumionm alloy ____ .| Aetomted KOL_____________ 0810
o Hrass. ., 8% MHYH+6% (NHg20Ch | TN
WE-Cu—-38%-En—-3% -Fh |..... L [ Al
AFI] Tagnrelum alloy, . .| 8.5% NaCL+ 25 yOriu. ... 340
Lavor-cariein £tee] .___:I_____ Rt L 1
ST etninkas steal_ ... Hatomated Ol ____________. _11%
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necessarily the integrated potentiale over the entire
aren in contact with the eectrolyts. It is therefore
to be expected that potentinl mensurements made
on notched specimens of the same material may
vary somewhat from epecimen to specimen, Lence
the ranges of pofential at given true stresses rather
than average ¢urves are shown in the graphs.

There was an appreciable changs in the solution
potential of the aluminum slloy (fig. 3} at siresses at
which the {rue stress-true alrpin curve deviated
from the modulus line, thet is, at stresses at which
plastic deformation had occurred. Marked chan
n the potentinlg of the bress specimens (figs. 4 nndgg?
oecurred st stresses that were 10,000 to 265,000 1hfin?
above those at which the true stress—true strain
curves devinted from the modulus line.  The solution
potential of the magnesium slloy changed approciable
at atresses only about one-third of thoss ne tay
proeduce deviation from the modulus line {fig. 6). The
Eleld puoint in the low-carhon steel was sceompanied

¥ & marked changa in potentinl (fig. 7). Stresses
sufficient to produce & deviation of the true stress—
trie sirein eurve from the modulus fine for stainloss
stesl also produced appreciable in the
solution potentinl (fig, 8). The electrochemical
solution potentinla (except for the low-carben steel)
bacame 1ncreasi more negutive as tha stresses
wera inereased. For every material (except low-
carben etoel) stresses were reached, as is seen in
figuras 3, 4, 5, 6 and &, at which the slope of the true
etress—potential curves decreased markedly, and the
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Fisver B True sirepgclecirochemical spiudion poientiad refo-
tiomshipa for Ledded bress,

Cowvroding feednum B ponstml HHEOH 48 percant (H 000z, Thata aTe from
ATE speclngny.
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Fravee 9. True srozsxelectrochemicol aolufion pofential rela-
Lionahipe for AZF] magnesivurh al{oy 4 peciThans,

Oprriding toediyn, 3.9 prroeat Mpl] 4200 prrent o0e0y, Tinta e (i
tight ypecimiena,

potential inereased rapidly to the faillure of the

gpecimen.

It is postulated that during the loading of the apeci-
mene in tension the protective film ia broken over
minute argas of the surface. If the potential of the
unprotected srea alone could be mesasured, it would
presumably be of the same order of magnitude as
that determined on a film-free surface. The area
whera the film has besn rupiured iz very small com-
pared with that of the filmed surface of & specimen,
angd consequently the measured potential differs by
mli s smgll amount from thut obtained on an vo-
broken filmed surface. As the stresses are incressed
the ratio of the Blm fres to the filmed sariace of 2
apecimen increzses, ahd the solution potential be-
Ccomes more negetive, until af the instont of fracture
the aresa of ed surface may he very large com-
pared to that of the filned surface, and the potantial
may clozely spprosch’thet of completely unfilmed
material.

At a constant stress tha protective film tends to
rcpair ifself. This was demonstrated by results
obtained on aluminum-ailoy specimens. After an
appreciable ¢hange had been obtained in the solution
potential during loading, the ﬂ.ri'jplied load was beld
constant, snd within 1 minute the solution potential
wae the same as that of the unstressed apecimen.
After the specimens broke &exl;osing large umfilmed
areas) the electrochemical solution patentials rapidly
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assumed the same valuea a3 those of the filmed and
unstressed materials,

Examination of the fractured surfmcez of the
notched specimens and the marked changes in tha
potentiale of all of the materials excepl low-carbon
steel ot fracture indicated thet the final failure had
been glmost instantanecus., In the low-carbon ateel
gpecimens, however, both the appearance of the frae-
ture and the emall change in potentials at failuca
indicated thet prior to the final fracture, eracka hod

‘penetrated into the materizl from the roois of the
notehes and that the progreseion of fracture was not
rapid and was pmgabﬁ.r discontinuous. Conse-
quently, st failure the amount of freshly exposed
unfilmed metal was too small 1o produce any marked
change in the potential.

The data indicata that when the atressea ace high
enough to csuse plastie deformation the atmospheri-
cally formed protective film will be broken and the

ozed metsl will become electronegative with re-
gpect to the filmed material. These film-Tree areas
will, in genernl, be very small compared to the filmed
greas, If such sreas are connected to filmed areas by
[ wnduﬁLinf ﬁqlujﬂ, for example, by a drep of liquid
containing diseolved guses or salts, & ahort-vircuited
electrolytic cell will bo sat up, the circuit being com-
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leted through the metal itself. As the film-free
anadict ares is gensrally very small compared with
the filmed area, the current density over the sanodie
area will ba high, and corrosion will procesd st a
rapid rato until B rendjustment of afresses permits
reforming of the protective surface film. Corrosion
will then become more general {or stress corrosion
will procecd ﬂonﬁ different paths) until the stress
concentration at the particular path under considera-
tion again becomes sufficient to rupture the pro-
testive film., The author believes that succeasive
breaks in the time-potential curves reported by
Gilhert and Haden [12] indicate that such processas
were occurring, probably at seversl points, on their
test specimens.

The experiments reported in this paper confirm
the genorel idea of the film-rupture mechanizm
sugﬁted by Mears, Brown, and Dix. In the theory
ag Drst presented, it was postulated that tearing of
the maotal was necessary to cxpose film-free material.
However, tha present data indicate that film ruptore
ovcurs with comparatively small amounts of plastic
deformation of the underlying moterisl. When the

ruptures, stress corrosion may start in the film-
free arems ot stresses much below those normally
required o téar the motal epart. Unless conditions
permit Alo repair, stress corrosion may progress Lo
cauze ¢otuplete failuro in & relatively ehort tima,
the film is restored snd the stresses are not increased
or readjusted, slresa corrosion may cease. 1f, how-
avet, the atresses gro readjusted by any means whet-
soever, for example, by a changs of external load or
by corresion, the film may again be broken and
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ptrees corrosion proceed dizcontinuvously to faiure.
The last process may be that which occurs in the
travserystalline type of stress corrosion.

4. Summary

Ag & part of & detniled study of the mechanism of
streas corresion, the electrochemical solution poten-
tinls of filmed and Alm-free surfaces and the true
stress—electrochemical splution potential relationships
for several alloys wera determined.

The electrochemical solution potentials of surfaces,
from which the atmospherieally formed films had
heen removed by shrasion in sn inert atmospheras,
were 0.10 to 076 v more eclestronegative f{with
regpect to & celomel electrode) then filmed surfaces
of the same raaterials.

Appreciable changes in electrochemical solution
potentinls accompamad plastic deformation, and just
prior to fracture the solution potentials were 0.16
to 0.70 7 (depending on the alloy) mors electro-
negative than the unstreased materisal,

he rasulta of the investigetion indicate that st
stresses sufficiently hiph to produce fsilure of the
protective film on metals, stress corrosion opeurs in
& cOrrogive medium bgk?:l&ct-mlytm action hetween
film-fres (anodie} and ed {cathodic) areas. Tha
rocesa procecds continuously or discontinonsly to
ilura, depending on whather or not the aubsequent
adjustment of stresses permitz reforming of the
protective film,

The auther gratefplly acknowledges the help of
Thowmaz F. Royston, Jr., in obtaning the data
presented in this paper-
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