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ABSTRACT
" An analjtical superposition model, whioh describeS‘fatigne-and

stress—corrosionACracking (SCC) component as 1ndependent proﬂes es, is
derived for corr031on fatigue of high strength alumlnum and steel alloys.
In dcacrlblng the SCC component, it wvas deslrable to 1nvoLe a new |
parameter Krscc(f),.vhich is the threshold stress intensity for
»environmentally—asslsted fatlgue crack propagatlon.- In part. this
enplains how the relatlve contributlons of SCC and fatigue components
might change with stress.intensity range and ratio of:maXimum to ninimum“
' stress intensity. Experlmental data from both alumlnum and steel alloys.
:1nd1cate that hydrogen—diffu31on models can be utilized as the: thermallj—"
vactlvated mechanisms of the SCC components. For example,-the activation'
. enérgy for corrosion fatigue crack‘propagation in a high-strength |
’ metastable austenltic steel wvas found to be 8500 cal/mol As long as e
the SCC mechenism.was 1ndependent of the stress’ state (e g. there may be
‘a fracture morphology change due to a plane strain to plane stress:
transition), the.proposed.model conld describe»the‘corrosionffatigue'

rates within a factor of two.
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INTRODUCTION

vHow to utilize fracture mechanics approaches i de51gn1ng for
relativelyo31mple.forms of subcrltical crack growth has been aptly
pointed out by a number oflinrestigaiors.l—3 Unfortﬁnately, different
" types of subcritical crack growth often operate 81multaneously in struc-
tural components. Nevertheless, in principle, 1f two cracking mechanlsms
such as otress—corr051on cracking (scC) and fatigue- crack propagatlon act
j relatlvely 1ndependent of each other then it. should be. feasible to
»propose ‘a simple superpos;xlonrmodel to predict corr051on—fat1gue rates.
If-thié‘were'pOSSible, we could then translate oﬁr reservoir.of knowledge
perteining'to fatigue#crack propagatioo and stress--corrosion cracking to
-o thé'corrosioo—fatiéue arena;: The éresent paper is ap.attempt to present
~a simple‘analyticai approechfto the superposition of these two cracking
1‘meChaniem§._ It should be p01nted out that any such direct superp051t10n

(?would necess1tate (1) the ‘same SCC fracture mechanism to be operative in

‘both the'stétic.énd-dynémic situations and (2) the same diffusion equa-

{tions to be 1nvolved so that the time—dependent functlon can be applled
5f»to dynamlc 1oad1ngs.

%he.present model was derlved independently of a model proposed
earller by Wel and Landes.h This work subsequently came to our attentron'
,and 1tﬁis;of some use to polnt out several similarities'and differences
in‘the:fﬁo'epproaches. fThe'similarities are stroné in that,vfirst,_both
esscme.a'simplevsuperposifion‘of fatigue and SCC components. Secondly,
quth_assume the two cracking mechanisms to proceed independently withoutv
syﬁergistic effecﬁs.' Finally, both incorporate the infegration of the
scC component over the loed—time‘history of a fatigue cycle. Tﬁe |

differences are slight but significant. Pirst, Wei and La.ndesh assumed
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a'sihusbiéél,idadeti@e Qariation %hilé'ﬁe héve'ﬁadé a;f;iangﬁlaf—wave'.
éppfgximatidh;‘-Sécondly,:they integféted'thé'scc érowth rate bver;a
singie fatigue cycle using a steﬁ—wiée procedure involvingvnumerical-or_'_ -
gfaphiéél'so;utioﬁs;' We,have ﬁtiliied theAmean-vglue”theorem to assess
théAAQérage séress'intenéity in éﬂy one cycle aﬁd_fakén known relatién—
ships between sce growth rate, da/dt, and stress intensity, K, to
déférminé an énalyticai fuﬁcfion_forbthe ccrrbsibn—fatigue raté.
Finally, wﬁile Wei and'Landes'ﬁad incorpdrated_thé sﬁresé intehéity‘range,
Kmin'to Kﬁ;#; as the controlling loading paraméter,'wg have d¢fined the
functional dependence to éccount for  the minimum stféss intensity of any
fatigUe'Cyéle being greafer or'lessfthan-a thieshold stress intéhsity-
level for SCC under’fatigue condifions. This later refinement céuld_
possibly explain fhe large variation'between theory and'experiment'
noted by Wei»and Landesh at high'Kmiﬁ/Kﬁéx v§lpesﬁ |

7 In thé following sectiqns, the proposed theorefical model will bé
derivéd for'any Corrosion—fatigue cycle and then will be eva;uated.wifh
réépect to two material syéfems. The first will be déta on high-strength

aluminum allbys from Gefberich, et al.5

and Feeney, et al,6:to analyse -
- point (1) abo&e.' With respect to point (2), a second set of data were
generated during the present investigation to provide unaﬁbiguous

confirmation of the thermally-activated mechanism involved in the

corrosion-fatigue process of high—strength steels.

F
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THEORETICAL MODEL

The proposed model superlmposes a fatlgue contrlbutlon, (da/dN)

'and a stress corros1on-crack1ng contrlbutlon, (da/dN)SCC,‘to'depict
corrosion fatigue rates by
da/dN = (da/aN), + (da/dN) (1)

SCC

Putting the fatigue_contribution in terms of the stress intensity range,

4K, and assuming the stress corrosion process to be discontinuous in

" nature, Eq. (1) may be rewritten as

da/dl = m(AK)" + No. of SCC Jumps/cycle x Av. Jump Size (2)

For the momenf, Just consider the SCC component? The number of Jjumps is

simplybthe time available for Jumps divided by the average time between
jumps. The former should be some fraction, o, of the récipioéal of
cycling frequency, 1/f, while the latter may be thought of as an average

secondary incubation time, At

SAV” ‘Thus,

No. of -8CC Jumps/cycle = a<——;L—i> (3)
At
AV '
The4average Junp size is tsken sinée at low stress intensity levels the -

distance the crack might grow per jump méy'be small cémpared to high.

stress intensity levels., As the stress. intensity Varies over the

. , . *
fatigue cycle, this average jump must be assessed, Taking this asvaV,

we find from Egs. (1), (2) and (3) that -

al*
AV
fAt SAV

I

, da/dN n(AK)"

(4)

m(&K)" + () (aa/at)
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‘At flrst glance one mlght think that o should be unity in all cases. VIf
the minimum stress intensity of the. fatlgue cycle were: very hlgh then
this.would'probably-be true.‘ Or, if.SCC occurred under fatigue*conditibns
regérdiess.ef the;stress intensity_lefel; this wouid be true. .However;
if there ié4é stress intensity level below which there is no eﬁvironmental
effegt iﬁ'fatigue,.and if the minimum stress intensity level dropé below -
this threshold, then a is no longer unity.

'This;~of coﬁrse,‘presuppoSee that'there is,erthresdold stress

intensity under fatigue conditions, K In fact, this was strongly

Iscc(r)”

indicated by some data of Feeney, et aJJ6fbr 2024-T3 alminum wherein
fdﬁigue—crack propagation'data obtained inbdistilled water'wes

con31derably greater than that in air except ‘that the carves merged near

a AK of about 0500 psi- 1n}/?. For a K /K . ratio of two, this grves
) max' min ° ,

1/2 o ey i

a‘Kééi of about 5000 psi-in.”’" and if it is assumed that K

ISCC(f) ~

5000 ps1—1n.l/2, then one can reason that the curves should" merge at
these low stress intensity levels. Similarly, some data by Wei and’

Landes7'on_7075-T651'give~avmerging_of data tested in argon and distilled
1/2 '

water,near a AK of 5000 psi-in. » which for the zero to- max loading

used Would 1ndlcate a K ) ~ 5000 psi-in 1/2. ‘There had been some

“Isce(f

prev1ous experlmental data which 1ndlcated there was no relatlonshlp

between a stress-corrosion-cracking threshold, KISCC’ aad corr051on—

fatigue rates. For 12 Ni- and 18 Ni-maraging steels, Crooker and Lange'
had shown that environmental effects in corrosion fatigue persisted_at'

stress intensity levels well below K. ‘However, there is no g_griori

Iscc’
reason to believe that the threshold under dynemic loading conditions

should'be the same as that under static conditions. In fact, there are



peroua51ve reasons for bellev1ng that K

_5_
Isce(f) should be less thdn hISCC

Flrst there is a cycllcally-reversed plastic zone at the tlp of a

fatlgue crack which should have a higher defectvdens1ty than a plastic »

- zone that has formed under monotonic loading. This, alone, would have

a tendency'tb make the material more'crack—sensitive because of its work-

‘ hafdéned?cbnditioh.f Secondly, the crack tip could be more chemlcally

actlve under cycllc condltlons due to several surface effects. For
example,‘the reversed plastic.zdne'could provide‘a'greater-number of

active dissolution sites in the form of emerging dislocations, vacancies

or di-vacancies., Furthermore, mechanical breakdown of the oxide layer

during opening and closing of the crack or surface eprsure;resulting
from asperities rubbing each other might lead to an enhanced corrosion

process.' Assumlng then that. there is a K the following

_ Iscc(f)~ K1sce?

model results:

Kin=%1scc(2)

This is the simplest case since SCC can occuf throughout the fatigue
loading Eycle; As schematicdlly shown in Fig. 1, the average SCC -junp

may be given in terms of the mean value theorem by

* 1 :Hnax _ : o v
v T KX - FE) & (5)
max -“min K .
min

Slnce'KﬁinEZ‘KISCC(f)’ a is unity so that from Eqs..(h) and‘(s),

For high-strength steels there is an increasing Susceptlblilty to
hydrogen embrittlement and SCC with increasing strength level. This
strength level effect is discussed in more detail later.
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- (da/a)gy, = £K__-K ) o FrR) A (6)
' ' ' Kpin ' o C -

vhere F'(K) includes the thermally-activated compbnent.which cohtrols

Bty A description of F'(K) was obtained in a separate studys of SCC

in a T075~T6 aluminum alloy subjected to a 3.5 percent NaCl solution

with A1Cl., added to lower the pH to about two. It was found that the

3
SCC crack grbwth process was very rapid with growth rates ranging from

er,bout'10"'5_110'10"3 in;/seé'for the stress intensity and test»temperafufe'

ranges of 20,000 to 50,000 psi—in.l/2

and 10° to 73°C. Furthermore,
scanning electron microscopy and acoustic emission techniques definitely
established the crack grqwth mechanism to be a combined dissolﬁtion'and:
mechanical rupture process. VIt Qas also determined that there was a
uniqué‘acﬁi§ation energy assoCiated with the process that wds indepéndeﬁt
of.the stresé intensity level and eqﬁal to 11,200 % 1300 cai/mol.
Least;éqﬁare fits to 32 separate data pcints:gave the plots.shown in

Fig. 2.  Thié activation energy was not too different from that suggeSted

9 Although eight different possible

by thevdata of Trémansvand Pathanié.
.thermally—activated mechaﬁisms were éonsidered,? the most likely
mechanism involved .one of hydrogen diffﬁsion. The activation energy for
diffusion of'hydrogen in aluminum has been.given by Eichenauer énd

10 and Matsuo and Hiratall to be 10,900 and 13,000 cal/mol. The

Pebler
activation energy analysis was combined with stress-wave emission and
fractographic interpretation of the relative areas consumed.by the

mechanical and clectrochemical processcs. This led to a description of

SCC crack growth rate as given by5



\2 6hDoe_Q/RT '
) e

W

K
' KISCC

da/dt =

.ﬁhere(wvis the.vid;p offérain'expésed‘to the'édvancing erack froﬁtg'Do"‘
“is the'aiffusion;coﬁstént.equal to 0.032h in.%/sec which is sppropriate
to. the experimentalractivation ehergy of 10,900 cal/mol.‘ Equation (7)
| was considered tojbe a reasonable model since it described the crack
gfowth rates withiﬁ a facfbr of two. Hoﬁevef, fo obtain a_broader
berspective of the model, it is of use to integrafe Eq. (75 and show
'time to failure vérsus initial appliéd stresé intensit&} At any
particular»tesf temperature, Eq. (7) can be described by

' 2

da/dt = SﬁE:El§ngf S (8)

- Fsce | o
where C is a Constaﬂf for anstant‘T. For ease of integration, it is
convenient tb»pﬁt.&a in terms of K and for‘iilustrative purposes fhe
infinite plate'sblution,is utilized, which in terms of the aﬁplied

stress, 0, is

K° = o°na ‘ (9)

In the case of a‘statically—appliéd load, the stress is constant so that
differentiation of Eq. (9) gives

da = 2KdK , (10)

2
anmn

f

by_integrating between the initial streSS‘intensityllevel, Ko, and some

Cmeining Eqs. (8) and (10), the time to failure, t., may be obtained

critical stress intensity level, Kf,'at which unstable crack growth



occurs, giving

ty Ko 2 o -
: - ) : a . . o -

K- .2 2 ‘ . o
o CoTm(K-Krono)” | _y e

Integration of Eq. (11) leads to

K

- » Keen. |+ K K. |
-t'_chg 1o f. 1SCC 1 - ISCC + 1SCC (12)
f ISCC K o ‘K. -K
: . K -K f TIsCC : K -K
' K f "ISCC f ISCC

‘ _ f : f
in terms of KISCC’ Kf_and K‘/K . Taklng Kf as unity, the general form
of Eq. (12) is depicted in Flg. 3 for several values of KISCC/Kf

Although detailed results could not be found to substantiate the
generalAshape of these curVes.for aluninum alloys, such curves afe found
for SCC behav1or of titanium’ alloys.12 ‘Since they are élso fhe form one"
would generally ant1c1pate for aluminum alloys, it may be assumed. that
| (1) is a reasonably good representation of the intergranular SCC
mechaniém in at least one high-strength alﬁminum ailoy.

--Iﬁ is next ap§ropriate to apply fhis'SCCvmoaei to the prgposedt
corrosion-fatigue ﬁodel As it will be later shown that.the éeneral
form of Eq. (7) is also appllcable to the steel alloy of this 1nvestlgatlon,
it is suff1c1ent to generally treat the superposltlon model by u51ng
Eq. (7) as F'(K) in Eq. (6). The results are generalized for any type
of loa&ing cycle'in terms of the stress‘intensityAratiQ;'B,vand‘the

stress -intensity range, AK, the interrelationships being'given by

R=x ) = axl-B_
6= Kmax/Kmin’ Kax —_AK[B-l] :
o N (13)
MK =K K . ;3 K. =06[+=] -

max min’ ‘min B-1
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Combining Eqs. 6), (1) qnd‘(13)-gives

: apewm pMET o 2 |
(da/dN) Q9 o[ _Isce(f) aK  (1k)
sce T Towak ) Krsco(s)
| kg \ o Tsce(s) |
which finélly reduces to
R (iger) | | '
S - M B4B+1L _ 5hpg B+l 2 |
(da/dM)gpe = i x® {(8—152; 3AKKISCC(f){B-l }* Fisco(e)y | 5
, “sce(e) [ LR o N o

This_prediéts a small but significant diffefence in growth rates as a

function of B. For example, if AK were 20 times as lérge aS'KIOCC(f)’.

for a B of two, the SCC component of the crack growth raté would be
6.5 times as fast as for a B of 20.
What has been considered thus far is that the minimum stress

_intensityqis greater than K ‘vand thus the contribution of the SCC -

1scc(f)

mechanism to the growth process is.continuously occurring throughout

each fatigue.cycle. However, if K is sufficiently high so that

ISCC(f)

Kmi <K ISCC(f)’ it is obv1ous that at the minimum of the stress 1ntens1ty

range, there should be no SCC contrlbutlon for that part of the cycle.

vThus, ths case must be treated'separately.

Kiin = K1scc(e)

From the schematic in Fig..h, two diffefenceé between this and the -
previoué.Case are immediatelyAnoted..'First, the proper integration’
limits‘for the mean value determination of the average K should be

K to K ax’ Secondly, the total time of the cycle involved in

ISCC(f) ,
scC is o/f as estimated by the triéngular wave form in the schematic.

Incorporating these two features into Eq;‘(h)'leads'toi
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(da/dN)SCC L[ e Toocls) vj/. PR & (16)
max min K v
ISCC(f)

where the term in bracketts is o. In a similar manner as betore,

utilization of Egs. (7), (13) and (16) finaily reduces to-

. - ;
o 6up e~ V/RT [ fpxiBy -
(da/dN)SCC = o 5 _ { 8 1 - ISCC(f)}

; _ . n

— (7).
3% Kisce(r)

One may hdte that the functional dependence of Eq. (17) is considerably -

different from Eq. (15) with réspect to the major loading variables, AK

and B, and the material parameter, K This can be illustrated

1sce(r)’

by taking g‘AK'equal’tp KISCC(f) so that KﬁinngISCC(f)_and calculatlngv

(da/aN) In this case, the SCC component. for.a B of two would be

scC’

‘about 6000 times as large as for a B of 20. A much larger factor shows

up in this éaéevthan'for the bné'illustrated previously for K. { E: ISCC(f)

because only a very small part of the load cycle is grcater than- KISCC(f)
for B=20. In reallty, many corrosion fatlgue curves mlght have part of

i < > so
their data governed by Kﬁin'"KISCC(f) and partly by Kmln"KISCC(f)'SQ -
that one would have to be careful in making generalizations about how B
might affect the crack growth rate.

Combining the appropriate equation for (da/aN) with Eq. (1)

SCC
allows an analytical prediction of corrosion-=fatigue crack growth rates.
It should be cautioned here that this znalysis is only valid for

materials exhibiting a SCC-proqéss describable by Eq. (7). Furthermore,

the fracture morphology due to the SCC process exhibited under fatigue

- conditions must be essentially the same as that detected under statiec
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'2cohdifiogé.' Flnally, thls analys1s should only be applled tovrelatlvely
'flow cycllc frequenc1es, i. e.v< 10 cycles/sec._ At much hlgher frequenc1es,i!-‘f*
:elther synerglstlc effects of env1ronment and fatlgue or locallzed»j-
iadlabatlc heatlng would render such‘a 51mple and1y31s 1nva11d .
'»Neverpheless,iw1§h1nuthe-11@1¢atlpns:outlln¢a:hEre;v1tjls‘néxt,of'»

,intereét'tO'COmpare thiS‘deel'tb*somenexpefimcntal eyidence,' 
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' _EXPERIMENTAL PROGRAM

To'éest'ouf the génerai-féfm of,the éQuafiGns'with-respéct to the
loading variables,'somé data by Feeney, et al.6 on high—étrgngth |
aluminum alloys in agueous solutions were available. In several cases .
the:fracture appearances.wére very similar to those obtained oﬁ the
high-strehgtﬁ'alumihum alloy utilized iéhdé;élop the SCC analysis.
Thérefoﬁe, direct use of Eqs.'(lS):and (17) was possible. |

Tt would have been best to analyse the same material or material
types wiﬁh‘réspect-tO*the thermaily—ACtivated mechanism. HOwéver,-no:
such data could 5e foﬁna; Tﬁere_are some data by Weil3 at ver& high
éyélic fréqﬁéncies (lh3.cycles/sec) on:7075—T651>aluminum in distilled
water. AHowever, nof 6nly did he find an apﬁarent activation enérgy that
vaiied withbstréés.intehsitj'level, but he also found that there was a
similaf‘aéparént'acfivation:énergy-in'dry gaseous enﬁironmenﬁs{
Partially because of the ambiguous nature of the activation eneréy iﬁ
this alloj? and parfially becaﬁse-we were,in'the middle of a.program'
evaluatihg.the;propertie; of métastable austénités;Awe:decided to
evaluate the théfmally-gétivatedvﬁechaniéﬁ.iﬁ thé‘later material.

High;strength metaétable‘austenites have beéﬁ extehsivély
investigéted with respeét to theif strengfh, ductility aﬁd fracture

lh_la One unique property is the relatively high

characteristics.
toughnesé that may'bé'achieved due to the transformation of austenite to
martensite at phe crack tip. A choice of a material undergoing:a phase
transformation during fatigue—cragk proﬁagation wéuld at first seem to
x ,

'Atvlower cyclic frequencies where synergistic and/or adiabatic'heating
effects might be less, the activation energy might be less ambiguous.: .
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‘bé an undue Ebmplicatidn; -Howevér,_a previdué inédepth étﬁdy19 on o
fatiéue-éfackVpropagétion in dry‘eﬁvironments'shqwed'these materials to
behave in a typical mahner with da/dN « (AK)P. fﬁrthérmdre, these.
materials'ﬁave several advantagéstith respect to an enviroﬁmental
fatigﬁe sfudy. Because of their inherent high toughneéé under static
load conditiohs, relativély high stress inténsities.ma& be applied -

without instability. At low stress intensity levels, the untempered

martehsiteiproduced at the‘tip'of-a crack is very éusceptible to"hyd:ogen

- embrittlement. jThus,'an envirdnméntally—assisted fatigue mechanism

could be studied over a large range of stresé-inténsity factors and test
temperatures., |
The metastable:austenité‘had_been‘édﬁmerciallyt prepared in the.fofm
of 0.1 inch thick sheets from-the folloﬁing coriposition:
wed ¢ Mn S G Mo M
0.27  0.43 0.09 11.95 1.90  7.96
The material was‘therﬁomééhanically processeéd byléucéessively:
(l) hammer forging.thelingot between 1200 and'1000°Cvto a platé
2;75 ih, yhiék; hot r@lling at 1150°C'tola.p1ate thickness of
0.70 in, thick; o | |
(2). solutionvtréating‘at ll§O°C followed by'wéter quenchihg;
(3) warm-rolling at 390°C to a thickhess of 0.1 inch. .
These ;tages were intendéd, respecfively, to break qutheicast structure,
homogenize.the compoéitioﬁ'and étrain hardeg_the austénité to obtain
a metastable auéténitevwith_yield strength 6Vér 200,000-psil
Standard 8—;nch loﬁg éheet tensile specimens with a 0,1xb,5x2 inch*-

. ' . - .
gage section were evaluated over a range of strain rates from 5x10 ? to .

+Cruciblé Steel Corporation
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_Q.;67¢s¢q; .~ Fracture mechanics tests were conducted with 0.1x3x12 inch
v,singl¢—édge4notchV(SEN) specimens loaded in a 300,006‘1b. Materials

Testing System. A fatigue pre-crack was introduced.in air at 5 cycles/sec
5

aﬁ.gfstréssfinténsity level sufficiently loﬁ‘so,és'to_kééﬁ da/dN=<10""in./ =
cycle. Crack propagation testé were run‘at crosshead rates,fgaging frﬁm
5xid+5-t0‘5X10—2_in;/sec in bofﬁjﬁiéfilled—water (pH~4.5) and air
.environménts. In.order_£o make_estimates of the plane stress fracture
toﬁghness, the obSGrvédicriﬁical crack ;ength was ﬁtilizéd in the
calculation. As discusSed_elSewhere3l6 this observed cfitical crack
lehgth can be obtained from thé1mécrqscopic Tracture-mode transition '
which’oécuré wﬁenithe cfack starts running at appreciable velocitiés.
varroéion-fatigué érack'propaéation testsvwéré'rﬁn at 5 cycles/seé.
jb-in 59th.§ir.and distilled watef (pE~L.5) and at 0.07 cycles/sec in
distilled water at b°, 24° énd 60°C.  Crack gréwth rates were followed
vith a‘measuring' microécope_in units éf about 0.05 inches at both
:surfaces. Fof both static and fatigue-crack prdpagation studiés, the

stress intehsity was calculated'fromao

. P(a)l/2 , o
| | K f'Y = o o  (18)2
Y =1.99 - 0.51(a/W) + 18.70(s/W)? - 38.48(a/W)> + 53.85(a/W)"

where P is the applied load, B is the thicknessvand W is the width.
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RESULTS AND DISCUSSION

Aluminum Data -
Sinc¢e Feeney, étea1‘6 cdnductedltheir éxperimental-tests at‘é B of
two, Egs. (15) and (17) were reduéed-accordingly and in conjunction with

Eq. (1) gave -
| 6up_e~%/RT

§§'= m(AK)n‘+7 -;w . -
. | o for Knii~Krsce(r)
| 8tak)3-12(ak) %k \+60K K2 K3 ]
o \ Iscc(f) — - "IsCC(f) ISCC
, 2
- Bk * Krisce(r)
(19)
da _ n . /. -Q/RT o
T = n(8K)™ + ghp eV |
2 e 2 : .
| TR0 (KK 00 () * FMTsce () o Tor K K rsec(r)
3Kisce(r)

_One can demonstrate that these two equations are‘equlyalent at Kmiﬂ:KISCC(f) '
as they should be. A reasonable log-log relationship for their data o
tested in air gave m and n_and the diffusivity Values were taken for the

5

-aétivation energy élbseéf'to that observed in the-Scc:study. The value
for thé grain width, w, was estimated from_microgréphs published by
Féehey,-et al.6 to be aﬁout Su for both 2024-T3 and'7i78—T6 daté. They

valéo investigated 7075~T6'aluminum but ﬁhis_was not considered here

v'since-no intergranular fracture was observed on the corrosion-fatigue -

fracture surfaces. Thé’values appropriate to 202L4-T3 aluminum are:

m = 2,9><10"21 (:‘Ln./cycle)(ksi--ih.1/2)—-n f = 2 cycles/sec __'
‘n=h S . w = 5p = 2x107" in.
Do =-0.0324 in.e/sec _ T = 29L4°K

. | T AN -
= 10,900 cal/mol _ KISCC(f) = 4.5 k;l—ln. T
_(hsoo_psi-;n.l/2)'
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Theroply gssumptlon madejhere is that KISCC(f)Yf h500.ps1—in,‘
from the discussion above this would appear to be a reasonable value.
Utilizing.thefabove values in Eq. (19) allowed determination of da/dN - L.
versus AK. Note that for B=2, there ié:a,crossovef'from the KmiﬁsKi§CC(f)’
' 1/2

to the K . =K (£) criterion &t AK = 4500 psi-in.~’%. As shown in

“min ISCc
Fig; 5,"the agreeﬁenb does not seem pérticulérly,good'much above a'AK’
over 4000 psi—in.llz. H0wéver, as discussed by Feeney, et al.,6 there .
may bé'good'reason\forrthis. Because of the relatively lbwiyieid'
strengfh of 2024-T3 as compared to other high—strehgtﬁ aluminum alloys,
there is a plane-strain transition which starts near a.AK value of '-
5800 psi—in.l/a. .Coincideﬁt with_thié'is the fact tﬁét; at stress
intensity levels below this transition,-intergranular ffacture was thg
major fracture mdde whi1e at values much éreater than this, ductilev 
fétigue-sﬁfiétions-bredoﬁinafed.' Thus, the reason thére is éuch a'lérge’
_ differencé between theory and experimehtal data is thaf the SCC mechanisn
has become less severe at higher'étresé intehsity 1eVels. One must askb
why this relaxation of plane Strain'cénditions results in a'lésseningvof
the ehvironmental attack.

If one does accept the ﬁydrogen mechanism used in this model and
espouséd by<Wei,l3 Har‘cma.n,zl Bradshaﬁ and ﬁheeler,ez'and Broom and
Niéhloson,23 then one can hypétheéize that the effect, is due to a
décreaéed leVelvof hydfogenvper unit crack_extension. This could arise ‘
if the pofential gradient of the stress field écting as'a.driving fofce
for hydrogen diffusion is 1e$sened as the specimen tfanscends from a

plane strain to a plane stress situation. In a separate study, St._John :

: 2k '
and Gerberich  have shown that the equilibrium solution of the field
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equatibns'for interstitials'being‘driyen'by a_poteﬁtial stress gradient
results in
o o [pef-1/2]V/3kT
ys .
. f ACoe ) .
C = :
eq. o
1l -C +Ce
: o) o)

Oy [per=1/21V/3KT (20)

wherevCo is'the in%tial céﬁceptratéop, Cééé is the equilfﬁgium'
cohcehtgétion; O s ;s the yield-étrehgth, pcf‘is.the plastic constraint
factor and v'is the_partial'mqlal volume of the interstitial in solid
solution. Obviously, the pfesent.situaﬁion ié ﬁrobabiy not representa-
tive‘of‘eQuilibriﬁm conditions. Nevertheless, this gives one the
distinct impression thét the lower the yield‘stresé;.the less potentiaily
severe a hydrogen embrittleméht mechanism shouid be. Also, the lower the
plasti¢jconstraint factér, éé in the case of plane stress; the less
severe the'embrittlement»mgéhanism‘should be. Thus, the deviation noted
in Fig. 5 has some theéfeticél basis if hydrogép diffusion'is'a necessary
ingredient to the fracture mechanism. |

- Next, consider the 7178—T6 aluminum alloy. Hére, all parameters are
the'saﬁé as above eiéeﬁt that m = 1.14x10™% and n = b.2. A similar
calculation based upon Eq. (19) gives excellent aérgement between theory
and experiment in Fig. 6. For this material there was no relaxatioh of 
plane strain conditioﬁs due to the relatively high yield strength of
79,100 psi as compared to 45,700 psi_for 2024-T3 aluminum. This w@s also
reflected iﬁ the'fractdgraphic observations where intergfanular’fracﬁure
predominated in the 3.5 percent NaCl solution at hiéh AK levels. Thus ),
as lbng as the séme‘SCC eﬁbfittlement mechaniém_predominéted, Eq. (19).

provided good agreement between theory and éxperiment.” One interesting

point about both Figs. 5 and 6 is that as the stress inténsity»maximum



-18-

Iscc(f)

and hence, the SCC component becomes véry_small,
the slope of the da/dN versus AK becomés4very gradual. . Thus, it wouldf,_'

approaches K
appear:that very high exponents on AK‘are_represenfative of a transition
frdmua low'stress intensity where‘environméntal effects are small to a

higher stress intensity where environmental effects predominate.

Metasfabié Austenitic Steel Data

.Beforé‘éonsidering fhe corrogién fatigue déta,‘it.is first appropriate
to briefly reﬁiew thq uniéxial and fracture chafacferistics.of this:alloy..
As can be seen in Table 1, incfeasing sfrain rate gives a slight inérease
"in upper yield strength and a somewhat‘greater deéreése in'elongation.:
The yield strength’efféc# ﬁay be dge to the normal dependency of austehite
flow stress_onvétrain rate while the eléngatidn;effecf is deTinitely an
adisbatic heating effect. This later effect comesvabéut'when the
adiabatic heating at ﬁigh stfain.rates raise; fhé ﬁempérature suffiéiehtly
so that there is a reduced amount of.strain-inducea phase transfdrmation.’
The reduced amount of traﬁsformatioh lowers the_work—hardening réte ﬁhich
may'léad'to preméture'neckiﬁg as Suggésted by Gerberich;-ét al.15 |
With respect to the fracture toughness.data,‘the appareﬁt values
_ listed in Table 2 are veryihigh.being on the order of 400,000 psi%in.l/z.
Keepihg in'ﬁipd"that'these evéluations were;made'on'B-ihch wide plates,
one can only treat this.value qualitatively. However, no plastic zone size
correction was_ﬁéde to oﬁfain theée values so, if anyfhiné, 400,000 PSi—iﬁ-l/2
might tend to be conéefvative. As noted in Table 2, there also appears
to be a crosshead rate effect on fraciure toughness,.an effect'that:has .

‘beén attributed to adiabatic heating in a scparate analysis of similar

_steels.17 ‘Since both flow and fracture properties seemed to be affected
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bylaﬁ adiébetic heating effecf; it was of intereet to ascertain if the“
cofrosioh-fefigue teStsimight‘alSo exhibit:suchven effeet. This‘is.
- discussed in some detail iﬁ'the:Appendix where it is iﬁdicated that
theie'is a'likely effect at 5 cycles/sec but nct at 0.07 cycles/sec
Since the bulk of the data and the activation <nergy analy51s was
performed at 0.07 cycles/sec, we will assume”a(iabatic heating effects
~fo'be of secendery importaﬁée}-r

'Af 5 cyeles/eec the effect of a distilled water environment on
fatigue-crack pfopagation rates is seen te be.small in Fig. 7. At most,
thefe‘is a factor of two difference in the crsck growﬁh rate which is
barely significant consideringithe scatter invclved. Ih contrast to
this, there was almost an*order of’magnitﬁde increase in crack gronh
rate at 0.07 éycieS/Sec. Additional tests at C° and 60°C’gave‘tﬁe
results shown in Fig. 8. It was desirable to utilize‘this data to make
an estimate of the éctivation.energy of the process. "However, before
this coﬁld'be.done, a medelimﬁst'be invoked. If a simple superposition
model as -s‘vu'gg'e':stved herein is inveked',-tirl‘en just log (da/dN)SCC should be
plotted versus 1/T in the Arrhenius analysis. Subtractlng out the da/dN
component approprlate for the air enVironment in Fig. T from the total
values given in Fig. 8 gives the Arrhenius plot in Fig. 9 for two‘stress'
intensity leveis. It is seen that the activation energy is relatlvely
1ndependent of stresg 1nten51ty and equal in magnitude to ths valuea

25

- reported by Johnson as characteristic of either'hydrogen diffusion or
hydrogen-embrittlement mechaniems_in high-strength martensitigfsteel.
. He reported values ranging from 8500-9800 csl/rol with the value for

electrolytic diffusion of hydrogen in AISI L340 steel being 9200 Cal/mol._
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~ One may‘note~£haf this is the activation energy for'hydrogen_diffusion-v'
in the bcc phase while Lhe majorlty of the material outside the crack—tlp

reglon in the present steel 1s austenitic (fcc) It had been prev1ously

shown 8 that hydrogen embrlttlement would not proceed in these metastable ™~

anstenltlc steels under statlc load. This was verified with pre—cracked o
samples that were charged electrolytlcally and with samples held in
dlstil;ed waterf Presumably, because of the very slow hydrogen diffusion’
" rates in austenite, a critical hydrogen concentration could_never be
achievedpto propagate the crack. With the cyclic loads, howefer, there
is a-continuous production of’fresh marpensite at the tip of-the erack
wh1ch prov1des an easy dlffu51on path for the hydrogen. Thus, at ieast

<<K

in this ‘material, one can state unequlvocally that KISCC(f) 1SCC.

Before.spplylng the proposed theoret;cal model to this data, slight_
modification of the'ofiéinal defivation is necessary since one would‘not
expectia SCC mechanism deriVed'for high-strength aluminum to apply to
steels.._The same general epproach_is utilized and it is essumed that

(h)'is also nalid here. In fact, for other high-strength steels;'the'
discontinuous Jump pfocess'has been invoked.26 -Here iﬁ was shown fhat
' the crack Jump could be approx1mately related to the crack—tlp dlsplace-
ment by

. 2V 2

L === - : , (21)
TE . QWGySEEf : -

where €e is the fracture strain. One slight modification is made to-

_account for a stress intensity threshold which for‘fatigue conditions

gives

2
* [K Kzscc(f)] , ~
g = ! _ (22)
210 Ee :
- ys T



»

2x10

=21

"The secondary incubation'time,is'aiso taken from the hydrogen embrittlement. |

analysiszg,whiCh; as a firstvapproximation, is

2 .
d ]
At *Yp5 - _ (23)

where d is the cleavage facet size, D is the hydrogen dlffus1v1ty and. Y

Vls ‘a constant. The value of vy is ‘near 10 for the average secondary

1ncubatlon time 1f dlstllled water data are compared to an equlvalent

crack growth-rate for hydrogen embrittlement.+ vSince i is about hu in
the pie5ent case, one would expeet-yd2 to be gbout 25><10"'8 inqe. 'For_
tﬁe‘diffusivity, if one*aSsumee a'foom'temperéture‘diffusivitv of about
-1 cm2/sec;26 using an activation'energv of 8500 cal/mol fesulte in
a calculated value'of.0.05 in.2/ secifor.Do. With these modifications -
to the crack step-and thefmallv—aotivaﬁed components, the equation for
corrosion fetigue may be obtained as before.. The stress intensity
dependence‘ie'the same as thaﬁ*given by Eq. (17) since‘jhe load cvcle
wes zZero to‘meximum giVing.Khihf<KISCC(f)
(22) and (23) into (4) and (17) lesd to

| p e O/RT. (AK-K )3

da/an = m(AK)® + ——C . Isce(f)” | oy
fyd 2noysEef C3AK

and B=w, Incorporating Egs.

A1l parameters have been described except m and n which may be taken from

the air envirohment data'in Fig.'?;‘sf'which may  be approximated as

about 0.1 for untempered martens1te and K. Although the value

ISCC(f)

+Thls is somewhat of an overs1mpllflcatlon since it was observed prev1ously
that Atg was not constant with stress intensity for specimens teated in
distilled water but was for electrolytically-charges specimens. Neverthe-

- less, since At_ is averaged over the whole fatigue cycle, a value that is

q
approximately . éguivalent to the hydrogcn ~embrittlement case for the sanme -
stress intensity range is a reasonable estlmate. : ‘
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1/
f°r KISCC(f)

'31nce an env1ronmental effect was observed at this level 1n Flv 8.

is somewhat arbitrary, an upper bound is 28, 000 ps1—1n

Also, KIQCCofor a very susceptible tempered-martensitic steel, H-11, was

reported to be.ll,OOO psi-iﬁ;l/z.es Thus, as a first approximation a -

’ . . . ) . . 1/2 . L .
. - . d g b e, R i i . v

KISCC(f) of 10,000 psi-in megy be reasona l. As a confirmation of
-3

the'velues chOSen,-oﬁe"known,valuevof da/dN = 4,3x10 "~ in./cycle was .

taken from Fig. 8'for'a‘AK of lO0,000 psi—in.l/g and & temperature'of

60°C. From Eq. (24) this gave a calculated value for_Yd2 of 28,9XIO-8 in,?

which is in good agreement with the original estimate above. Thus,

(2h) was utilized with:

m = 2XlO—2O (in./cycle)(ksi-in.l/Q)_n f = 0.07 cycles/sec j
n=73 : o _ - EpF 0.1 _

D, = 0.05 in.%/sec " . ya® = 28.9?‘10'8 in.”

Q = 8500 cal/mol Iy = 215,000 psi

’_Z o . : 3 1/2
KISCC(f) = 10 ksi-in.

1
(10,000 psi-in. /2)
Asvis'seeh in Fig. 10, this superposition model fits the experimental
data very well Wlth all data points being within a factor of two of the

theoretlc&l estlmates »,Addltlonal tests are in order to verlfy the,

and the proposed var1at1on with K /K

approprlate value for K Kpax min

ISCC(f)

Nevertheless, the proposed model appears to be a reasonable analytlcal

approach to the COrrosion—fatigue problem. Once again, one may note - S

that as YISCC(f) is approached, the slope of the da/dN versus AK curve

_'achleves a very gradual slope which might be- represented by some very '
high exponent onlAK. Although this trend is not partlcularly obvious

‘ . o‘ 2 . ) v
from this data, it is clearly shown by Dahlberg 7 on 4340 steel tested
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»piﬁphuﬁidifiedféir} Here, 1t appealld‘t at’ there was g K.
' ”s§5at a stress 1ntensity of 20 OOO p51-1n.¢
' 7comment about K.

'ﬂfrequency, tempcrature dnd env1ronment onc must conclude that K

~;‘lS probably a: functlon of these varlables. ;uqv-ﬂrr -f"

near

ISCC(f)

1e

the slope 1n humldlfled alr

”f{'was closer to seven.. Th1s 1s just about the dlfference in slopes observed’”i
; :for the theoretlcal dry a1r and dlstllled water curves shown 1n Flg. lO

':at the 1ower stress rnten51ty levels for 2h°C tests. One further

ISCC(f) 1s that because of the dlffu51ona1 nature of the -

‘vj'SCC component there 1s probably a mlnlmum tlme 1nvolved to bulld up

concentratlon to a crltlcal level.t As. thls “time would be dependent upon S




CONCLUSIONS

| 1. lAn analytiéal superposiﬁion.model based upon thé méanvvalue-theorém
fof ésfimétiﬁg_Sﬁfeés inténsity effects'appearé'to déscfiﬁe cdrrosibh;
fatigue behavior in severéi high;strength aluminum and steel ‘alloys.

.2. An&'théoretical model should include the effects of stress ihtenéity
range; fatio of maximum to minimum stress .intensity, the cyclic

frequency, a threshold stress intenSity_énd the.thermally—activated
‘mechanism.. |

.3{ ‘ Avthréshold étress”intensity value for enyifoﬁmentally—assisted

fatigue crack propagation, K , is proposéd, below which there is

1sce(r)
no contribution of the envirgnment to fatigue-crack propagation. At the»
preseﬁt'£iﬁe it is not known how this thréshoid vélue,woﬁld véry with
température,.cyéling fregquency and'environmenf.

&.' Thé very high exponents observed when corrosionjfatigué data are
ploﬁted as d@/aN « (AK)" may be attributed to a transition.befﬁeen a .

point below K wvhere the fatigue component controls crack propaga-

Isce(f)

tion to a point above -

‘Iscc(r)

controls crack propagation.

where the stress-corrosion component

5. The activation energy for corrosioﬁ—fafigué crack propagation in a
high-strength metastable austenitic steel is found to be about 8500 cal/mol.
6. For both high sfrength aluminum and steel alloys, hydrogen-diffusion
models can be invoked as the thermally-activated mechanism in corrosion

fatigue{

. 7. The possibility of adiabatic heating effects should be carefully

assessed vhen analysing corrosion-fatigue data at high cycling rates.
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- APPERNDIX
. Aﬁ order:of ﬁagnitpdéicalculation was made @ozsee if.the‘twc
_’different é&cling frequencies used in fhe,presenﬁ'program_could result
in a severe strain raté effect. - In order to estimate the strain rate at
.fhe.tip of a crack undergoing‘corrosion fatigue, a linear elastic

analysis is suitable since the plastic zone is small. In terms of a

stress intensity factor, the elastic strain distribution is

K . .
€ = ——— ‘ (A-1)
vy E[2ﬂr]l/2

where r is the'distance-in‘front'bf the crack along the ray, 6=0°. As
suggested by some corrosion—fatigue28 and hydrogen embrittlement analyses,r

the region of interest might be the crack-tlp dlsplacement. so that there

26

may be a crltlcal.straln rate, deyy/dt, associated w1th a critical region,

r , as given by the crack tip displacement+

* max

ro= 2(2oys )E - (A"?)
where Kmax is the maximum stress intensity of the fatigue cycle.

Combining Eqs. (A-1) and (A-2), differentiating with respect to time and

using the 1nf1n1te plate estlmate of Kmaxm ax[wa] 1/2 leadé to
ds ' o 1/2
. 1 da , 2  do|| _ysf ™ (A-3)
at s dt omax dt 2nE _ ‘

Taking a typical corrosion-fatigue growth rate of 10~  in;/cycle, this
would teke a maximum stress intensity factor of about 60,000 psi—ih.lzzl,
which could be represented by infinite piaté parameters of 0max~50,000 psi
and a-~0.5 inch. .Even if the crack growth in a corrosion fatigue cycle

¥ Note here that there is a factor of 2 magnlflcatlon on the yield strength
in the denominator due to the fatigue loadlng




2T
" only tbok' 1/10’o'of the totalr rise t‘ime involved‘, it may be shown that
the resultlng da/dt is. st111 too slow to make the f1rst term-in Eq (A-3) 

51gn1f1cant - Thus, a good approx1mat10n is

: dt. o dt TE : , 4
: - [max - | y

.iFor the two cycllc frequencles of 5 and 0. o7 cycles/sec, a trlangular
wave approx1matlon glves effectlve stress rates of 500 000 ps:/sec and
T000 psi—sec. For a 200 000 psi yleld strength and an applled stress of
50,000 p51, these two stress rates give strain rates of about O. 7 and
0.001 sec’ l. These are’ right 1n ‘the straln—rate transition reglon where
adiabatic heating has an effect on the elongation characterlsilcs Of.
course, the heat-flow conditlons at the tip of a crack are not the_same'
as those in a uniexialftensile:tesf, 'A more realistic comparison would:
be to examine‘the fracture toﬁghnessrdata '.In a.separate study,l7 it
‘has been shown that the effects 1nd1cated in Table 2 may be attrlbuted
“to adlabatlc heatlng -To obtaln an estlmate of the strain rate at the
tips.of_theSe cracks requifeé azdiffefenteehalysis1because_of the
monotbﬁic leading, the lafge fracture toughness'and the fact that do/dt-0
at instability. 'Using a piasﬁic strain distributioneglfor the lafge

plastic ZOnes involved and assuming that‘ggzO, one may show that

at
¥y .1 da N o :(A"_S)

at - Ta - dt
Using observed crack velocities éﬁd criticel crack lengths gives streihe
- rates varylng from about 0 06 to 1. 3 sec -1 for. the croeshead'variationwﬁ
of 0.0005 to 0.05 in./sec given in Tagble 2. fTheSe'values overlep.the'.

. 0.7 sec ; strain rate estimated for a 5 cyele/sec frequency but'ndt'the



,__.28_: o

e0.00i:éee'l straln rate estimated fbr O 07 cycle/oec f:eouency Keeplng

‘valn mind the order of magnltude estlmate 1nvolved here, one must conclude
Vthat the'eycllc'frequencies involved inhthe'present'study could,have'anf,"

. ‘inherent adiabatic heating effect, particularly at 5 cycles/sec.

b
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
- information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
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