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CRACK TIP CHEMISTRY MODELING OF STAGE 1 STRESS CORROSTION CRACKING

R. H. Jones and . P. Simonen
Pacific Northwest Lahoratn[y
Richland, Washingtun 99352'%

Abstract

Stage I stress corrosion crvacking usually exhibils a very strong K
dependence with Pavis Lau evponents of up to 30. 2 Model calculations
indicate Lhal the crack velocily in this regime is controlled by transport
through a salt film and that the K dependence results from crack opening
controlled salt film diswolution. An donic transport model that accounts
for Loth electvomigration thrvough the resistive salt film and Fickian
diffusion through the aqueous solution was used for these predictions.
Predicted crack growth rvates ave in excellent agreement with measured
values fov Hi with P seaeqated Lo the grain boundaries and tested in 1IN
H,S0, at +900 mV. This -1t film dissolulion may be applicable to stage |
crackinq of ather materihs

() Work supported by the U.S. Department of Energy under contract
DOE-ACO6-76RLO 1830



Introduction

The crack velocity-stvess intensity relationship induced by stress
corrosion cracking (SCC) in a wide variety of materials exhibils a
threshold, and stage | and stage 11 regimes. The Lhreshold, referred to as
[ scc is the stress intensily at which measurable crack extension occurs.
ytage 1 is the regime in which the crack velocity exhibits a very strong
dependence on stress intensilty and stage 11 is the regime in which the
crack velocity exhibits a very weak and somelimes neglible dependence on
stress intensity.

The stage | regime plays a oritical role in SCC, and yet most of the
Ltheoretical and experimental effort has been focused on K ... and stage 11.
The slope of the stage | regime is important for determining design
stresses 1o avoid SCC and fov life prediction of a material should SCC be
unavoidable. for components that must perform for extended periods, Lhe
stage | slope is a critical parameter because il defines the "long-term"
Kigee: A Taboratory defined K ., determined in hours, will approach the
"Eong—term" Kige with increasing stage 1 slope. The slope of the stage |
regime is aiso a factor in Vife prediction because the crack velocily can
increase by several ovders of magnitude in this rvegime. The total impact
on component tife will be a funclion of incubation time, crack initiation
tim2, Lransition from short cvack to long crack electrochemistry and
mechanics. and then crack growth as defined by conventional Tong crack
Fiscer Staue T and staqe 11,

Stage 1 behavior of matevials has veceived very Tittle experimental or
theoretical emphasis. Staqe | behavior ic difficutt to measure experi
mentally because of the <trong stress intensity dependence wherve the
velocity may increase by an ovder of magnitude with only a |2 MPa/m
increase in lthe stress inten ily, thus mating stage | a very transient
phenomenon.  Also, because ot the vapid increase in crack velocity, the
velocity i+ determined from very small orvack extensions.  this resulls in
greater scatlor in the data hiecause velocilies are based on a rvelatively
amall sampling of the mateyial and ave not an average over a range of
micvrochemical and micvostructwmal variations.  Theovetical emphasis has
been placed in the electrochemical, mechanical. and micvostructural/micro-
chemical aspects of K . and stage Il cracking. Host theoretical studies
have not considered the stre<s or stress intensily aspects of SCC but have
emphasized the physical processes involved. It is quite conceivable that
these processes are involved to different degrees in Klym, stage 1 and
<tage Il cracking, but quant tative descriptions of the crack velocity-
stress intensity relationshipes in stage I are absent from the litevature.

Because of Lhe distinct ivene s and significance of this regime, an
analytical descriplion of <tage | s of considerable value. This
descripltion will also enhance om understanding of K ... and stage T1 SCC
vegimes. The pwrpose of thi paper is to rveport on a modeling effort to
describe the stage I behavior of Hi tested in 1IN 1,50, based on
modifications to a crack tip chemistry model developed by Danielson, Oster,
and Jones (1).

Background

Experimental crack velocity-stress intensity data for SCC is presented in
one of the two following formulas:
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da/dt = AK" (1)

log D + BK (2)

or log da/dt

Stage I would exhibit a linear da/dt versus K relationship with a log-loy
plot or semi-log plot if either equation 1 or 2 applies, respectively.
However, in many cases the data is not sufficiently well described and the
range of K is small so the data can be described by either relationship.
An example is shown in [iqure 1 where the stage | crack growth rate
behavior of Fe tested in Na,S0, at +1.25 V (SCE) is shown to fit both
relationships. From this data one relationship is not clearly preferred
over the other. Therefore, in considering an analytical description for
stage I stress intensity dependence, both equations 1 and 2 must be
considered until better data is available.
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Figure 1. Stress Corrosion Crack Velocity versus Stress Intensity of fe
tested in IM Na,SO, at 1.25 V (SCC) a) log velocily versus K, and b) Jog
velocity versus log k.

tExamples of m and B values, equations 1 and 2, describing the slope of the
stage I regime are given in lable 1 (2-12). In general, high values of m
correspond to high values of B but the correspondence is imperfect probably
because the data is imperfect. The m values for Type 304 SS range from 7
to 24; for Ni it is 11; for an aluminum alloy it is 19; and for iron tested
in Ca(NOg), it was 4, while for Fe tested in Na,S0, it ranged from 11 to 30.
Sample geometry, compliance, loading method (increasing, constant or
decreasing load), and sensitivity of crack measuring equipment are all
factors that affect the accuracy of the data presented in Table 1. In
spite of uncertainties in this data, there is an apparent trend in the Type
304 5SS data where m is less than 10 for tests in pure water, 8-14 in Na,S0O,,
11-17 in Na,S,0, and 24 for 22% NaCl. This trend suggests an increasing
value of m wiih increasing effectiveness and concentration of critical
species.



" There has not been a model specifically developed for stage 1 behavior
‘which includes the stress intensity as a variable, though there are a

number of stress corrosion cracking models that do have stress intensity as
a variable. These relationships are summarized in Table 2.

Andresen (13) has recently expanded on Ford’s (14) stress corrosion crack
growth rate-strain rate model and expressed the crack growth rate by Eq. 2-
1, Table 2, where A and n come from Eq. 3 below:

da/dt = A éct (3)

and e_, is the crack tip strain rate and n is the exponent. A value of n
equal to 0.76 was given by Andresen (13) while Ford (14) has assumed n to
be 0.5. The crack growth rate is proportional to K to the 1.9 to 3.4 power
based on n of 0.5 to 0.76.

These values of m are substantially less than those observed experi-
mentally, as shown in Table 1, and are more consistent with the stress
intensity dependence observed in the stage 11 regime. However, the rate-
controlling step in the stage Il regime is thought to be either ion
transport in the crack electrolyte or the environment-crack tip reaction
rate and not the passive film rupture rate as assumed by the Ford/Andresen
analysis.

Table 1. Summary of Experimental Stage | Crack Growth Parameters m_and B.

fest

Material Condition n i Reference
304SS Sensitized 7 e 14 3
97°C, 1 5 ppn BZ
304SS Sensitized 24 12 4
9a°C, 22% HaCl
30455 26°C. 6x18 “m Na,S5,05 i 8 26 5
3p94SS Sensitized 17 8 ’S 18
98°C. 15ppm Ha,S,05
3045SS Squitized, 258°C 8 0 18 6
14 “m, NazSﬂ'1
3p4SS Snnii!iznd, 289°C 14 e R 3
10 “m. Na,50
2774
Ni + P 25°C, 1N Nayse, 10 8 33 2
908 mV (SC[?
7879- 1651 25°C, Saturated 19 13 7
Al HaCl
fe 60°C. 55% Ca(N03)2 4 811 11
+ 758 mv (SCE)
Fe and fe + P 25°C. 1M Na_ SO 11-30 B 34-180 12
\750.1250 mf (4CE)
Mild Steel 92°C, 33% NaOH 7 0 i6 8
fcorr
Brass 23°C. Ammoniacal 1.8 8.098 9

Copper Sulfate
{ph=7)




table 1. Sumiyy of Predicted Stage 1 Ciack Growth Parameter m

Material Crack Growth Model fq. No. m “Reference
3045S  da/dt - (1 w1t k2 Bty /e 21 1934 13
Steel  du/dt ¢ WB /st(0) o (16) 22 25 15
30455 dazdt -+ PN 23 "y 16

HIU
304S8S dafdt - — T — 2 4 dependent 17

2 .

o 2t Acracl. on K
Brass dajdt = A esp ([ Q » 1{K))/RT) FARY : q
Glasses da/dt - (rla/(lt)u a (H?ﬂ) cop ([ BBk, ) /RTY 76 18

Newman (15) presented a film rupture stress corrosion model for steel in
sodium hydroxide, fq. 2-2, lable 2, in which he assumed that crack
extension was limited to the thickness of the corrosion product film, 1,
which fractured in a time period, t_, determined by the stress intensity
and hence the crack Lip strain rate. The crack velocity was expressed very
similarly to Lhe equalion given by Vermilyea: (16)

da/dt - 1 /1. (4)
The paramelers | _ and 1 ave interdependent with | depending on the strain
rate and hence . The expression for | was given as

L. = ek/sf(k) (5)

where e_ is the film vuplure strain, k is a stress relaxaltion constant, s
is a constanl that relates the strain rate to the stress, and f(K) is a
function of stress intensity. the expression for the critical slrain, e
was given as

e, = s ((K) vIl - exp(-pt)i/Kp (6)
wheve v is the initial corrosion rate, and g is the passivation rate
constant.. Solving [q. 6 for t_ and substituting tq. 6 and 7 into Fq. 5
gives the following relationship for the crack velocity:

dazdl = e b/ < 1K) In (1 G) (7)

where G is equal to e k g/ s f(K) v. tq. 7 is valid for the following
values: 0 < G < 1. Newman soived this relationship numerically and
obtained curves for the crack velocity versus K for f(K) proportional to K
and K2, The two functions for K result in similar-shaped curves with K2
dependence giving a slightly higher threshold value; however, the predicted
slope, m, of the stage [ regime was 25 for both cases. Hewman concluded
that the stress corrasion model was consistent with experimental data, but
no comparison was made between calculated and experimental crack velocity-
stress intensity velationships. The predicted slope of the stage 1 regime
is within the range observed for fe and mild steel bul is near the upper
end of the range of 4-30.



Vermilyea (16) considered the effect of the stress intensity and the
~solution chemistry by proposing that the relationship belween crack
velocity and stress intensity has the following form:

da/dt = k' ¢ K" (8)

where k' is a constant and C is the concentration of some species in the
crack tip solution. Then, assuming that the difference between the crack
tip and mouth concentration is a function of crack velocity, he obtained
the following relationship for «rack velocity:

da/dt = k'’ Kp/n (9)

where n is a small constant in the crack tip concentration/crack velocity
velationship and which Vermilyea considers to have a value of about 0.1.

He suggesled that small changes in n and hence in the crack tip chemistry
could have large effects on the stress-intensity dependence of the crack
velocity, which could explain Lhe values of m (m = p/n) given in Table |
for Type 304 SS. A systematic study of crack tip chemistry effects on the
parameter m has not been carvied out, but the data in Table | suggest that
for sensilized Type 304SS m is less than 10 for high temperature water, 8-
14 for Na,SO,, 11-17 for Na,S,0,, and 24 for 22% Na(l. Increasing values of
m sugyest decrea51ng values of n in Vermilyea’s model; behavior results
from increasing concenlrations of a critical species at the crack tip for a
given crack velocity. turther work under more contvolled conditions is
needed to determine whether Vermilyea’s theorvy is valid.

A recenltly published crack tip chemistry based model by Macdonald and
Urquidi Macdonald (17) for 16SCC of lype 304 SS suggests that the stress
intensily dependence results from a combination of the passive film rupture
rate and cvack opening. In essence, this model velates Lhe crack tip
potential to the stress intensily through the balance of the positive
cirrent produced by the crack with the reduction of oxygen al the extevnal
crack surfaces. The functional form of this equation is given by tq. 2 4
in Table 2. where

[~ fexp [ In (K%, (10)
and B is Lhe compositi0n~wvighted atomic weight, f is Faradays constant, p
is the density of the metal, 7z is the composition weighted oxidation stalp
and A crack is the area of the crack at the crack mouth. A plot of equation
2-4 3% given in Figure 2 whove the results fit a form of log da/dt = A
BK? with a threshold less than | MPa/m. fquation 2-4 predicts a ra[)1(l]y
increasing velocity with K al Jow stress intensities with a lesser increase
in velocily at higher strews intensities. Inis model also predicts a K sc
of 0 MPa/m. txperimental values for K . for lype 304 SS are approximal.fy
20-30 MPa/m so this model «learly mlslvp.esonts the process confrolling
Kiseer  Fauation 2-4 suggest« a continuous transition from stage | to stage
[T with an m value ranging from large to small depending on the value of K.
Experimental da/dt versus b cuvves for Type 304 SS do resemblie the
calcvlated curve shown in ligure 2 (5,10) with exception to K .. ; however,

a model Lhat does not correctly describe K .. is probably nol a physncally
complete description of stage 1. The apptoarh used by Macdonald and
Urquidi-Macdonald may be correct but it does not appear to account for the
S*age | behavior.

Lee and Tromans(9) found that the crack velocity-stress intensity
relationship for a cold-worked brass tested in an ammoniacal copper sulfate



~solution could be described by a chemical rate equation, Eq. 2-5, which is
of the form given by Eq. 2, where Q was 48.9 kd/mole at K = 0 and f(K) was

Log Velocity, (cm/s)

] | [ ] | . | ] ] [ 1
0 5 10 15 20 25 30 35 40

Stress Intensity, (MPaVm)

39109103.

Figure 2. Lffectl of stress intepsity (K,) on crack velocity (17) (0.} -
0.02 ppm, t = 1 cm, [Hat 1] - 10" mol/cm . T = 573.15K. Other parameters
are as listed in Ref. 17.

linear with K. The expevimental data for crack velocily -stress inlensily
gives a value of m of 1.8, which is the smallest value given in lable 1.

A chemical vate equalion has also been used by Freiman (18) Lo describe Lhe
SCC behavior of glasses, fq. 2 6. Stress corrosion cracking of glasses
results from the reaction of the environment with the highly strained bonds
of the solid at the crack tip. This reaction is comparable to hydioyen or
Tiquid metal embrittlement in wmetals since a corvosion product is no’ a
necessary step in the process.  The stress dependence results from the
applied stress intensity and i« expressed in bq. 2-6 as being a linear
function of K in the exponential teym.  This K dependence is similar lo one
used by Lee and [vomans (9).

Salt Film Dissolution Model

Danielson et al. (1) have noted that for low stress intensities, and hence
low crack opening angles, high ion concentrations result from crack wall
corrosion and from rvestrvicted transport of ijons to the crack mouth. Salt
formation is predicted if the ion concentration produced by anodic
dissolution exceeds the solubility limit. Critical crack opening angles
associated with the stage 1-11 transitions, which correspond to the
formation of resistive salts at a crack tip, can be calculated. The salt
resistance results in a potential (IR) drop, ‘ow crack tip corrosion rates,
and low crack growth rates.



Stress corvosion crack growth behavior at the Lhreshold stress intensily

- has been modeled using the salt film dissolution model ceveloped by
Danielson et al.(1). Calculations for anodic dissolution indicate that
salt film formation can control crack growth behavior for extension of an
intergranular stress corrosion crack enviched with an active impurity such
as phosphorus oy sulfur at the grain boundary. With increasing stress
intensity, crack opening promotes salt film dissolution and rapid anodic
dissolution at the tip. The salt film model accounts for the magnitude of
the stage I-1I transitions and the stronq dependence of crack velocity on
stress intensity. Predicted crack growth rates agree with measured rates
for nickel anodically polarized to +900 mV (SCE) in IN H 50, and tested at
the threshold stress intensity.

The crack growth rate is assumed to be controlled by the rate of corvosion
at the crack-tip grain boundary interface. Nickel ion transport from the
tip to the bulk aqueous solution occurs during crack growth. Without
stress, the corroding crevice will penetrate the grain houndary until high
nickel-ion concentrations at the crevice tip cause precipitation of a salt
film. When stress is applied to the sample, the crevice will open and
allow nicke!l ion transport and dissolution of the salt film.

fhe schematic of the crack ion concentration and the electric potential
gradienls shown in Fiqure 3 illustrates the key featines of the model. An
electric potential gradient controls transport in the salt film because the
film is highly resistive and because the concentration of water in the fiim
is fixed by the solubility Timit. Conversely, a concentration gradient
controls transport in the aqueous solutinn because the concentration
gradient is not fixed by the solaubility lTimit, and because the conduclive
solution induces a negligible potential (IR} drvop.

The electrochemical and tran<pert equat tons described by Danielson el
al. (1) were assumed to calculale don conrentvations in a4 crack aqueous
solution. The tiwe dependent teansport equation for nickel ijons is given
by

dC, Zdt = bed € de PlefeDed dx(C, «dV/dx) . (1)
vhere C”iis the nickel ion conventration, D as the ion diffusivity, | is
IFaraday’s cons.ant, Z, is the jonic chayge, V is the electyic potential in
volts, and RT is Lhe product of the gas ¢onstant and temperatuve.
fvaluation of the time-dependont development of the nickel ion
concentration profile demon-trvated that «teady state is achieved after a
short time comparved to the copoyvimental cvack growlth Uimes.

The salt film dissolution model <olves tuo coupled transporl equations. one
for the sa!t film and one for the aqueous solution. Boundary conditions
are imposed at the grain boundary/salt film interface, the salt/solution
interface, and the crack mouth as illustrated in Figure 3. lhe boundary
condilion at the grain houndary is fixed by equating the grain houndary
corrosion flux and the electromigration flux flowing into the film. The
porosity is assumed to be nonhomogeneously distributed. The boundary
condition at the salt/solution interface is fixed by equaling the
electromigration flux from the salt to the fickian flux flowing into the
aqueous solution. Finally, the boundary condition at the crack mouth is
fixed by a zero concentration because of dilution in the bulk aqueous
solution.

The porous salt film is assumed to contain water in the pores that form a
path for ion transport through the film. The porosity is assumed to be



inhomogeneously distributed. for an assumed crack opening angle dependent
“on the imposed stress, only one corvesponding salt film thickness is
consistent with the above lransport equations and boundary conditions.
Diffusion controls dissolution or growlth of the film so that the thickness
satisfies the boundary conditions described above. (19-20)

The crack geometry must be understood before the transporl equalions can be
solved. Rice, Drugan, and Sham (21) have calculated crack opening angles
for moving cracks in elastic-plastic materials. Crack opening angles are
predicted to be much less for moving cracks and hence imply that stress
corrosion cracks are narvower than expected from previous analyses of
assumed stationary cracks. [he opening for moving cracks is described as a
function of crack tip plasticity and the tearing modulus, as shown:

SCHEMATIC OF CRACK CONCENTRATION
AND ELECTRIC POTENTIAL GRADIENTS
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Figure 3. Crack geomelry velated to
concentration and potential gradients
in a <alt film and aqueous solution.
Potential drop i< dominant in the salt
film, whereas concentration drop is
dominant yn the aqueoaus solulion.

§/v = alo/Eipo, /U Tn(eR/r) (12)

The Pavis tearing modulus, 1. is
T = (E/0]) dJ/da (13)

and J is the far-field value of the J-integral, and a is the crack
extension. R scales as the plastic zone radius under small-scale yielding.
o, is the yield stress, t is the elastic modulus, and g is a constant
approximately equal to five. Tfor environmental cracking, the tearing
modulus can be assumed to be zero. The plastic zone radius is defined hy:

o



R=-es (1)Ko (14)

where s and v are a scaling constant and Poisson's ratio, vespeclively, and
e is the natural logarithm base. [Ihe scaling constanl, s, can be
determined either by measurement of plastic zone size or by finite element
calculation of crack tip plasticity. The measured plastic zone size is
about 4 mm at the threshold stress intensity. The corresponding value of
the constant, s, is 0.01.

Dean and Hutchinson (22) have calculated crack opening angles for stable
moving cracks without environmental effecls. Finite element equations were
solved as a function of malterial yield stress, applied stress intensity,
and strain hardening exponent to estimate the constant s. The crack tip
opening angle was found to be weakly dependent on applied stress intensity,
as expected from Equation (12) and (14). Based on material parameters
appropriate for nickel, the crack tip opening angle is calculated to be
0.07 degrees.

The mechanics calculations for moving cracks indicate that crack tip
opening angles for crack growth in nickel are expected to be small and less
than 0.1 degrees, which is consistenl with the measwraed crack opening
during stage | crack growth. In contrast, mechanics calculations for
stationary cracks indicate opening angles greater than 1 degree.

Prediction of Stage I Behavior in Nickel

Calculated nickel ion concentrations are shown in Figure 4a as a funclion
of crack opening angle for a 0.1 cm-long crack with no salt film present.
The salt solubility limit for nickel is shown as a horvizontal line. The
predictions indicate that for crack angles less than 0.07 degrees, salt
precipitation is expected at the crack tip. The assumed crack length and
degrees of crack opening angles are consistent with measured geomelries for
stage | crack growth.
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Figure 4. (a) Calculated nickel (b) Comparison of calculated
ion concentralion as a function of crack growth rates with measured
distance from the crack tip and crack growth rates for indicated
crack opening angle. Crack tip salt porosity. Previous models,
concentrations exceed lhe which predict thresholds near
saturation limit for angles less zero, contradict the measured

than 0.07 degrees. threshold of about 16 MPa/m.



For Lhe salt film case, the crack tip corrosion currenl was calculated for
"the steady-state transport of nickel ions in the salt film and in the
aqueous solution. Crack growth rates were calculated from the Lip
corrosion current for appropriate values of salt film porosity (20) and
crack width at the tip. [The effect of assumed stress intensity on
predicted crack growth rate is shown in Figure 4b along with experimental
results for Ni in IN H SO For a constant crack tip width of 1 nm,
changing the porosity %rou 10 ' to 10" increased the slope of the gvowth
rate versus stress intensity dependence. for a constant porosity of 10 °
changing the tip width from | nm to 10 nm only slightly reduced the
critical stress intensity for dissolving the salt film. The assumed tip
width did not affect the slope of the growth rate versus stress intensily
dependence.

The predicted crack growth rate is compared Lo the moa%ulpd growth rate in
Figure 4b. Assumed parameters of porosity equal lo 2x10 * and tip width
equal to 1 nm result in excellent agreement between prediction and
measuvement. It is assumed that this porosity is nonhomogeneous because
such a small volume fraction would not provide a continuous path if
homogeneously distribuled. IThe stress intensity was assumed to be given by
the equations of Rice, Drugan. and Sham (21) and the measured size of the
crack tip plastic zone. The «ritical crack opening angle was 0.06 deyrees,
which agreed with measured angles at the stage I-11 transilions equal to
values less than 0.1 degrees.

Discussion

A numbee of Timitations to modeling stage [ SCL were noted during the
devciopment of the crack tip chemistry model. lhese limitations included:
1) accurate description of the crack shape near the crack tip, 2) salt film
transport parameters and processes, and 3) adequacy of experimental data.

Oblaining accurate stage I SO0 data has a number of difficulties: 1) the
rate of increase in da/dt with K, 2) slow crack velocities close to K o
and the accuracy of the crack measuring apparatus, 3) crack branching or
out-of-plane cracking, and 4) the effect of sample compliance and loading
method. The steep slope of stage 1| resuits in greater uncertainty in the
measured velocities than for the stage i1 regime because small changes in
crack length result in large increases or decreases in crack velocity for
constant load or displacement lests, respectively. Clearly, a constant K
test should be nsed for the best accuracy. which would then be dependent on
the accuracy of the load and crvack tength measuring systems. An accuvale
description of staye | requives data to be collected starting at K values
very close to K, The slow crack velocities near the threshold add to
the uncertainty 0? thi- data because the increased amount of time neede(
for crack exlension results in use of shorter crack extensions. Scatter in
the velocity data increases wilh decreasing crack extensions because the
crack extension reflects move of the local material microstructure and
microchemistry rather than the average condilions.

Crack branching occurs when da/dt is independent of K, as in stage II.

This becomes a problem near the transition from stage | to stage 11 but
should not be a problem for K values near K, ... Likewise, the problem of
out-of-plane cracking increases with increasing K. Both ¢rack branching
and out-of-plane cracking increase the uncertainty beiween the far fieid
and crack tip K values and therefore increase the uncertainty of the da/dt-
K relationship. Sample compliance effects are primarily a concern in
comparing data from different sample lypes but it should, in principle, be



possible to correlate this type of data if the compliances of Lhe samples

- are known. It should also be poussible to correlate compavisons between

experimental and theoretical calculations if the compliance of the samples
are known. Differences in sample loading method can also produce different
slopes in the stage I regime. Programmed increasing or decreasing loads
result in different slopes Lthan a constant COD/load sheddiny approach.
Again, these should, in principle, be correlatable if sufficient
information about sample compliance and loading method is known. In
general, this type of information is not provided so it is difficult to
make use of much of the existing data on stage 1 da/dt-K.

The salt film dissolution model for K .. and stage 1 behavior could be
applicable to materials other than the ﬁioP system. Complementary theories
have been presented by Parkins and Humphries (23) and Conor (24). These
authors suggested that K, .. was dependent on the crack opening rate being
sufficient to expose the crack tip in the presence of a corrosion product.
The ideas of Parkins and Humphries and of Conor describes K, ... as only
being due to a blockage of the cvack tip from corvosion product along the
crack walls.

[t is also interesting to consider the applicability of the salt film
dissolution model to IGSCL of sensitized stainless steel where the wall
corrosion rate is controlled by the Cr concentration. The Cr concentralion
of the crack wall would be a function of distance from the crack tip since
the crack wall would corrode back to higher Cr concentrations when exposed
to the electrolyte. Also, varying sensitization conditions produce
different grain boundary (r profiles and thus should produce different K ...
and stage | behavior. A correlation between Cr profile and K and stage
[ for stainless steel would be a good test of the salt film moéel; however,
data sufficient to test this concept is not available. Another critical
test could be to vary the wall corrosion rate by varying the electrolyte
chemistry. An example would be the addition to the electrolyte of an anion
that degrades passivily for a material undergning active-path IGSCC, such
as Ni+P. Tests with passive film forming material, such as stainless
steel, could be misleading because of lthe simultaneous effect of the anion
on passive film stability at the crack tip and the crack wall.

The salt film dissolution model is not embodied in any of the SCC models
given in Table 2. The model by Andresen is for passive film rupture and
seems to describe stage Il K dependence. Runture of the salt film at the
crack tip could be considered comparable to rupture of the passive film;
however, the K dependence given by equation 2 1 is not typical of most
stage 1 da/dt-K slapes. Also, the model presented by Newwman, equation 2 2,
describes orack extension by fracture of a thick corvosion product. The
salt film is physically distinct from a corvosion product: therefore, these
two models are distinctly different.

The variabie K dependence given by equation 2-3 proposed by Vermilyea (16)
describes the strong K dependence in stage 1 given that n is very small.

In this model, Vermilyea suggested that the generation by hydrolysis of a
species such as protons was critical to crack growth and that as the
difference in concentration between the tip and the bulk solution increased
n decreased. This concept can be reversed to consider critical anion
species such as C1° where the value of n decreases with increasing
concentration of the anion at the crack tip. Increasing concentrations of
anions that promote passive film breakdown on the crack walls would require
yreater cvack opening to oblain a comparable salt film dissolution and
hence produce a decrease in the slope of the da/dt-K relationship in stage
I. Equation 2-3 predicts an increase in Lhe exnonent m because of a



.decrease in n with increasing coucentrations of a critical species. As

noted previously, there is a trend where m exhibi.s a dependence on the
type and concentration of anion. A further evaluation of the effects of a
critical anion species such as Cl- on the salt film dissolution model is
warranted.

The model presented by Macdonald and Urquidi-Yacdonald (17) also contains
elements Lhat are comparable to the salt film dissolution model. However,
Equation 2-4 considers the crack tip potential heinqg controlled by the
balance of positive ion current produced by the crack with the reduction of
oxygen at the external crack surfaces. Passive film rupture is considered
to control the crack tip corvosion rate. In the sall film dissolution
model, the crack tip potential is controlled by the resistive salt film in
stage I and not by Llhe bhalance in posilive and negalive currents.

The chemical reaction rate models by lee and Tromans (9) and by freiman
(18) are not consistent with the salt film dissolution model. These modeis

“consider the chemical reaclion rate as controlling the crack velocilty where

the salt film dissolution model considers transport through the resistive
salt film as controlling the crack velocity in stage 1. Stage Il behavior
could be accurately characterized by a chemical reaction rvate model or by a
crack tip electrolyte transport model, but stage I behavior does notl appear
to be limited by these processes.

Summary

A comparison bhetween experimental stage | SCC behavior with models of SCC
containing stress intensity dependence has shown that this aspect of SCC is
not corrvectly described by these models. An excepltion to this is Lhe salt
film dissolution model developed for IGSCC of NitP described in Lhis paper.
This model correctly predicts the K.~ and the stage | slope and the stage
I-11 transition for [GS(C of Hi les{ed in TN 50, for certain salt film
characteristics. Other models do nol predict the K( , or the stage |
stope. A correct description of staye | behavior w111 necessarily lead to
a betler understanding of SCC mechanisms since this stage is the oritical
link between K ... and the steady state stage Il cracking regime. Also,
more quantitative descriptions of stage | behavior will also improve our
ability to predict the life of a component in a SCC environment .
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