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IMPLICATIONS OF EARLY STAGES IN THE G R O W H  OF STRESS CORROSION 
CRACKING ON COMPONENT RELIABILIV 

R.H. Jones and E.P. Simonen 
Pacific Northwest Laboratory 
Richland, Washington 99352 

Abstract 

Environment-induced crack growth generally progresses through several stages prior to 
component failure. Crack initiation, short crack growth, and stage I growth are early 
stages in crack development that are summarized in this paper. The implications of these 
stages on component reliability, derive from the extended time that the crack exists in the 
early stages because crack velocity is slow. The duration of the early stages provides a 
greater opportunity for corrective action if cracks can be detected. Several important 
factors about the value of understanding short crack behavior include: 1) life prediction 
requires a knowledge of the total life cycle of the crack including the early stages, 2) 
greater reliability is possible if the transition between short and long crack behavior is 
known component life after this transition is short and 3) remedial actions are more 
effective for short than long cracks. 

Keywords: Stress corrosion, initiation, short cracks, crack velocity, stage I behavior. 

1. INTRODUCTION 

Crack initiation and short crack growth stages are often inseparable because it is difficult 
to measure the behavior of cracks less than 10 pm in length and because the transition 
between initiation and growth may be continuous and not distinct. Therefore, information 
on the behavior of short cracks is more available than details about initiation. Short 
cracks behave differently than long cracks because of chemical gradients in the crack and 
because they are short relative to microstructural features, plastic zone size and stress 
intensity K fields. There is evidence that short stress corrosion cracks (SCC) can (1) 
crack more slowly than long cracks [1,2], (2) crack more rapidly than long cracks [3] or (3) 
crack at no applied K [4]. These three cases have been demonstrated for (1) 
intergranular SCC (IGSCC) of type 304 stainless steel (SS) [l I, (2) aqueous hydrogen- 
induced crack growth of high strength steels [3] and (3) IGSCC in Ni[4]. 

. 

Stage 1 SCC usually exhibits a very strong K dependence with Paris law exponents rn up 
to 24. Existing SCC models do not adequately describe the stage I regime, but a recently 
developed salt film dissolution model gives an excellent correlation with experimentally 
determined stage I behavior in Ni. Model calculations indicate that the crack velocity in 
this regime is controlled by electromigration through a resistive salt film and K dependence 
results from crack-opening-controlled salt film dissolution. In other materials the value of 
rn may be a function of local crack-tip chemistry and crack opening displacement or crack 
angle. 



2. SHORT STRESS CORROSION CRACKS 

2.1 INTERGRANULAR STRESS CORROSION CRACKS 

A schematic showing the potential datdt-stress intensity (K) response of.short SCC’s is 
shown in Figure I (5). 

Some aspects of the short crack behavior (SCB) curves in Figure 1 might be rationalized 
by mechanical crack length effects and adjusted by use of K,, but considerable evidence 
suggests that distinct chemical effects are superimposed on the mechanical length effect, 
It is also conceivable that there is a K-independent regime for SCB-1 at very short crack 
lengths. 

Intergranular corrosion behavior describes the stress-independent aspects of 
electrochemical crack length effects. Decreasing IGC rate with increasing length was 
reported by Jones et al. (6) for Ni and by Lee et al. (7) for Fe. That IGC of Ni with S 
segregated to the grain boundaries was arrested at about 0.1 mm when tested in I N  
H,SO, at +900 mV. This arrest was explained by the retention of S on the sidewalls of the 
IGC penetration, which induced active corrosion of the sidewalls and saturation of the 
crevice, and ultimately arrested IGC. Lee et al. (7) reported sequential stages of 
increasing and a retarded penetration rate for IGC in Fe with segregated P tested in 55% 
Ca(NO,), at 60°C. Phosphorus segregation to grain boundaries reduced the time required 
for these stages. Lee et al. proposed the retardation as a result of the repassivation rate 
at the crack tip increasing faster than the dissolution rate. A critical penetration depth of 
about 1 mm for the transition from increasing to decreasing penetration rate was 
independent of grain boundary chemistry; however, an electrochemical explanation for the 
critical depth was not given. Retardation of the IGC penetration does not always occur, as 
noted by Jones et al. (6) for Ni with P segregated to the grain boundaries and tested in I N  
H,SO, at +I200 mV. In this case, IGC continued at an average rate of 7x106 mm/s 
without evidence of retardation. 

Experimental evidence for the transition between short and long intergranular stress 
corrosion cracks was presented by Andresen et al. (2). Their results are shown 
schematically in Figure 2 where the crack length versus time from the notch of a comp ct 
tension sample is presented. The crack length was measured by the dc potential drop 
technique; the material was sensitized Type 304 SS tested at 288 C in deaerated water. 
Under these conditions, SCC is predominantly intergranular. Andresen’s data show that a 
stress corrosion crack emanating from a notch begins slowly and increases in velocity up 
to a steady state value after about 800 hours under these conditions. This transition from 
short-to long-crack behavior occurs at a crack length of about 40 pm. 

Predictions of crack velocity versus length for intergranular stress corrosion cracks has 
been made by Jones and Simonen (5). This approach assumes that the thickness of a salt 
film at the crack tip controls the crack velocity and that this thickness is a function of crack 
length and crack angle as controlled by the applied stress intensity. Figures 3 and 4 
show, respectively, the predicted behavior for a crack initiating on the surface of a 
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component and one initiating from a notch. Both types of cracks exhibit similar behavior: 
initially high crack velocity followed by retardation in the crack velocity with increasing 
crack length. Following the initial retardation, cracks initiating from a smooth surface 
accelerate with increasing length because the crack angle increases with increasing crack 
length for a constant stress condition. For a constant stress condition, a crack initiating 
from a notch would also accelerate following the retardation period but the results in 
Figure 4 are given for constant stress intensity conditions. Cracks initiating from a 
smooth surface exhibit no crack retardation for stress/yield ratios > 1.5 nor do cracks 
initiating from a notch stress intensities at > 6.6 MPa m”* . 
There is clearly a difference between the results of Andresen et al. (2), Figure 2, and 
those of Jones and Simonen (5), Figure 4. The results of Andresen are for a passive 
crack path mechanism and that modeled by Jones and Simonen is for an active path 
crack growth mechanism. Passive path crack growth rates will increase with increasing 
concentration of anions that cause passive film degradation. Active path crack growth 
begins at high velocities where the dissolution rate is uninhibited but the growth of a salt 
film inhibits crack growth as the crack length increases. 

- 2.2 TRANSGRANULAR STRESS CORROSION CRACKS 

The initiation and growth of stress corrosion cracks from the surface of a flat tensile 
specimen of a- Type 304L stainless steel has been measured with a differential-reversed- 
dc potential drop technique. The difference in the potential drop along the gauge length of 
two flat tensile samples was used to determine the crack length. Both samples were 
exposed to the same environment but only one sample was loaded. This approach 
allowed correction for the effects of pitting and other corrosion processes so that the 
differential potential drop reflected only crack growth in the loaded sample. A current of 
1.8 A was used to establish the potential drop. The current was reversed every 10 s to 
minimize thermal gradient and junction potential effects. The samples were loaded to their 
yield strength and the test environment water was maintained at a temperature of 50 C 
with 100 ppm Cl- added as NaCI. The open circuit potential was -350 mV (SCE) and the 
test potential was 0 mV (SCE). 

An example of the crack length versus time curve for one of these tests is shown in 
Figure 5 .  Incubation times were 2000 to 4000 s followed by an increasing crack velocity 
with increasing crack length, as shown in Figure 6. Steady state crack velocities were 
achieved at a crack length of around 10 pm. The crack velocity versus crack length 
results for the data shown in Figure 2 for intergranular stress corrosion of Type 304 SS is 
also plotted on Figure 6 for comparison to the transgranular results. A different crack 
length and velocity scale is used for each set of data but the general trends are very 
similar. Differences in these two tests include the sample type (TGSCC results for a flat 
sample and the IGSCC results for a notched sample) and the resulting crack velocity and 
crack length at which the steady state velocity is achieved. However, despite these 
differences, there are many similarities. 
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The increase in crack velocity with increasing crack length and the crack length at which 
the steady state crack velocity is achieved are two similarities. These suggest a common 
crack growth mechanism such as passive path stress corrosion. The increasing velocity 
with increasing crack length could result from an increasing concentration of an anion 
such as Cl-. The longer transition length for the IGSCC data could have resulted from the 
test being conducted in high purity water, so fewer anions were available to enrich at the 
crack tip and a greater crack length and hence potential drop along the crack was needed 
to achieve a sufficient anion concentration. 

3. STAGE I STRESS CORROSION SEHAVIOR 

Experimental crack velocity-stress intensity data for SCC are generally presented in the 
following form: 

daldt = AK" 

Values of m in eqn. (I) describing the slope of stage I for a variety of materials, range 
from 7 to 24: 11 for Ni, 19 for an aluminum alloy, 4 for iron tested in Ca(NO,),, 11-20 for 
Fe tested in Na,SO,, and 5 for X-750 tested in high temperature water. For Fe and Ni 
tested at cathodic potentials it is 12 and 7 respectively and for C-276 charged with H it is 
12 and 5, depending on crack growth mode. 

There is an apparent trend in the type 304 SS data where m is less than 10 for tests in 
pure water, 8-14 in Na,SO,, 11 to 17 in Na2S203 and 24 in 22% NaCI. This trend 
suggests an increasing value of m with increasing effectiveness and concentration of 
critical species. The data in Fig. 7 reveal another trend in which the value of rn correlates 
with K2,scc. This correlation suggests that the value of m is a function of Ksuch that 
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higher values of m occur at higher values of YsCc. This suggests that the crack velocity in 
stage I is uniquely dependent on the CTOD, K2/uY€. 

In an effort to evaluate the effect of anion concentration on stage I behavior, Lund and 
Jones (8) measured the stage I crack velocity versus stress intensity for a sensitized Type 
304 SS in 100 and 1000 ppm sodium thiosulfate at 50°C and a potential of +350 mV 
(SCE). Figure 8 shows a definite trend in the stage I slope; however, this dependence 
appears to result primarily from a shift in the K,, and CTOD, as the data in Figure 7 
illustrate. In modeling the stage I behavior of Ni with P segregated at the grain 
boundaries, Jones and Simonen (9) concluded .that the stage I slope was controlled by the 
properties and dissolution rate of a salt film with crack opening. The salt film dissolution 
model also predicted a change in K,,, and hence in the stage I slope with varying salt film 
properties, as shown.in Figure 9. 
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4. SUMMARY 

Crack initiation, the growth of short cracks and stage I crack growth behavior are phases a 
crack must pass through before achieving long crack steady-state velocities. Crack 
initiation is not strictly measurable because cracks shorter than about 1 pm are not 
measurable. Therefore, the study of crack initiation is primarily a study of short crack 
growth behavior. Experimental and theoretical evidence suggests that short cracks may 
either 1) start at high velocities followed by slower and then faster crack velocities or 2) 
begin at low velocities which increase to the long-crack steady-state velocity. 

Stage I behavior is a critical phase in the transition to long-crack behavior because the 
slope of this stage determines the crack extension needed for this transition. A steep 
slope results in a transition to faster steady-state crack velocities with a small increase in 
crack length. Experimental and theoretical evidence shows that the stage I slope is a 
function of anion concentration, CTOD and K,, but the specifics of their interdependence 
is unknown. 
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6. FIGURE CAPTIONS 

1. Schematic illustration of crack growth rate-stress intensity behavior 

2. Crack length vs. time for a crack emanating from the notch of a compact 

3. Calculated crack growth rate as a function of crack length for a crack 

4. Calculated crack growth rate as a function of crack length for a crack 

5. Crack length versus time for a crack emanating from a smooth surface 

6. Crack velocity versus crack length for intergranular and transgranular 

7. Relationship between the exponent m and (K,,,J2 for Type 304 SS. 
8. Stage I behavior for sensitized Type 304 SS in 100 and 1000 ppm 

9. Comparison of calculated crack growth rates with measured crack 

of short and long cracks. 

tension sample (2). 

emanating from a smooth surface at a constant stress. 

emanating from the notch of a compact tension sample. 

at a constant stress. 

cracks in Type 304 SS. 

sodium thiosulfate solutions at 50 C and +350 mV (SCE). 

growth rates for salt film resistivities ranging from 100 to 
5600 ohm-cm. 
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